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M I CROE LECTRON I CS RESEARCH ON 
S I L I CON-S I L I CON OX I DE STRUCTURES AND I NTERFACES 
i o  Theory o f  M-O-S S t r u c t u r e  
The t h e o r e t i c a l  r a t i o  of minimum capac i tance t o  maximum capaci tance 
and d i s s i p a t i o n  phenomena a r e  now added t o  t h e  t h e o r y  p r e v i o u s l y  presen- 
t e d .  T h i s  t h e o r y  resume serves as a gu ide  i n  understanding t h e  work 
done i n  a n a l y z i n g  t h e  exper imenta l  r e s u l t s .  Most p u b l i s h e d  papers 
appear t o  o m i t  c e r t a i n  d e t a i l s  needed f o r  a complete r e e v a l u a t i o n  and 
comparison o f  t h e i  r 
A. Theore t i  ca 
The equiva 
r e s u l t s .  ' 
Capaci tance Versus Vol tage.  
e n t  capaci tance i s  t h e  s e r i e s  e q u i v a l e n t  o f t w o c a p a -  
c i t o r s  C and C where C i s  t h e  capaci tance o f  t h e  o x i d e  and C i s  t h e  
0 S 0 S 
capaci tance o f  t h e  space charge reg ion o f  t h e  semiconductor.  The o x i d e  
capaci tance i s  cons idered cons tan t  and t h e  space charge capaci tance a 
f u n c t i o n  o f  t h e  s u r f a c e  p o t e n t i a l  ( i n  t h i s  case t h e  p o t e n t i a l  of t h e  
ox ide-s i  l i c o n  i n t e r f a c e ) .  The space charge capaci tance i s  g i v e n  by t h e  
to1 lowing express ion:  . a- I . v  -l 
w he r e  : Qsp= t h e  space charge express ion  deve loped by G a r r e t t  
and Bra tTa in .  
Y = i n t e r f a a e  potent ia l l  I i n  kT u n i t s  ( F i g u r e  I )  
A =  normal ized doping d e n s i t y  t o  t h e  i n t r i n s i c  va lue  
E = d i e l e c t r i c  constant  of  s i l i c o n  (1.06 x 10-12 
C =n i /no  I p O / p i l  
f a  rads /cm 1 
L = t w i c e  t h e  Debye length (4 .g  x cm) 
6 = q/kT 
-2- 
'I 
Figure  I 
h e r g y  diagram f o r  n-fype semfconductot  1.1-0-S 
s t r u c t u r e  wh i ch has been b i ased t o  i nvers ion .  
The arrows g i v e  t h e  p o s i t i v e  d i r e c t i o n  o f  
e I e c t r o n  p o t e n t i  a I . 
As long as i n v e r s i o n  i s  n e g l i g i b l e  C-Y< I n 2 - l )  t h e  e q u a t i o n  w i  I I reduce 
t o  : 
Three s p e c i a l  cases o f  e q u a t i o n  (2) a r e  ( a )  t h e  capaci tance o f  t h e  
( b )  t h e  capaci tance o f  t h e  d e p l e t i o n  l a y e r  
(4) - I c< - )' <(. ,'n A- ' Cd - 
and ( c )  t h e  f l a t  band capaci tance 
( 5 )  y= 0 ' F S  ( 2 1 
Us i ng these forrnu I as one can ca Icu  I a te  t h e  t h e o r e t i  ca I .cdpaci tance 
v e r s u s  v o l t a g e  c u r v e  ( F i g u r e  3 ) .  
Once t h e  space charge capaci tance has been determined t h e  equ i -  
v a l e n t  capaci tance may be determined us ing  t h e  r e l a t i o n :  
L 
6 
9 
2. 
0 
-2 
- 3- 
Figure  2 
The T h e o r e t i c a l  Charge i n  t h e  Space Char,le 
Region o f  n- type 60 ohm-cm S i l i c o n  as a Func t ion  
o f  t he  Sur face  F o t e n t i a l  o f  t h e  S i l i c o n  
F igure  3 
( a )  t h e  T h e o r e t i c a l  Capacitance vs. Vo l tage Curve 
f o r  60 ohm-cm n-type S i  I i con  ( b )  Experimental  
Curve Showing t h e  Voltage S h i f t  Corresponding 
t o  P o s i t i v e  Charge i n  t h e  Surface S ta tes .  
. 
L 
-4- 
( 8 )  
where = work f u n c t i o n  o f  t h e  metal 
)(' = e l e c t r o n  a f f i n i t y  f o r  the semiconductor s u r f a c e  
E = band gap 9 
B. Approximate formulas fo r  c a l c u l a t i n g  minimum valuesCapaci tance 
Rat i o 
The max 
reached when t h e  
c o n c e n t r a t i o n  i n  
t h i s  occurs when 
The e q u i v a l e n t  capaci tance c a l c u l a t e d  i n  t h i s  manner n e g l e c t s  s u r f a c e  
s t a t e s  and i f  they  a r e  present  they w i  I I show up as a h o r i z o n t a l  s h i f t  
of t h e  capaci tance vs v o l t a g e  curve  ( F i g u r e  3 ) .  The d i f f e r e n c e  i n  t h e  
work f u n c t i o n s  o f  t h e  metal  and sem conductor w i l l  a l s o  be present  i n  
t h i s  h o r i z o n t a l  s h i f t  b u t  t h i s  w i l l  be smal l  and can be neg lec ted  i f  
t h e  s h i f t  i s  l a r g e  compared t o  I vo t. The express ion  f o r  t h e  c o n t a c t  
p o t e n t i a l  can be w r i t t e n  down f rom F igure  I u s i n g  
from which t h e  c o n t a c t  p o t e n t i a l  i s  
mum va 
concen 
t h e  bu 
ue of t h e  d e p l e t i o n  r q g l o n  i s  assumed t o  be 
r a t i o n  i n  t h e  i n v e r s i o n  r e g i o n  i s  equal t o  t h e  
k o f  t h e  semiconductor. F o l l o w i n g  Grbve and Deb 
a ,  
The minimum space charge capaci tance a t  t h e  va lue  of  d e p l e t i o n  w i d t h  i s  
where 
I I 
I -  -5- 
and t h e  minimum Capacitance r a t i o  i s  
I 
The fo rmula  g i v e s  some i n d i c a t i o n  o f  t h e  i m p u r i t y  d i s t r i b u t i o n  
near  t h e  o x i d e - s i l i c o n  i n t e r f a c e  and a more exac t  6ormula has been used 
by Grove and Deal t o  measure t h e  r e d i s t r i b u t i o n  of  i m p u r i t i e s  d u r i n g  
o x i d a t i o n  o f  t h e  s i  I icon.  
C. D i s s i p a t i o n  Phenomena 
The i n i t i a l  concept  of the  c o n t r a c t  was t o  ana lyze  t h e  capa- 
c i t a n c e  da ta  i n t o  i n f o r m a t i o n  about t h e  e l e c t r o n i c  p r o p e r t i e s  o f  t h e  
s l l i c o n / s i l i c o n  o x i d e  i n t e r f a c e .  Only r e c e n t l y  has s i g n i f i c a n t  a t t e n t i o n  
t u r n e d  t o  d e t a i  led  c o n s i d e r a t i o n  of t h e  d i e l e c t r d x  p r o p e r t i e s  of  t h e  
m a t e r i a l .  A d i e l e c t r i c  cons tan t  i s  assoc ia ted  w i t h  any capaci tance.  
D i s s i p a t i o n  mechanisms a r e  a l s o  inherent  i n  a d i e l e c t f i c  m a t e r i a l .  The 
d i s s i p a t i o n  mechanisms appear more c l o s e l y  r e l a t e d  t o  t h e  d e t a i l e d  
e l e c t r o n i c  s t a t e s  and energy exchange mechanisms than  does t h e  capac i -  
tance.  
Q u a l i t a t i v e l y  one can r e a d i l y  see t h a t  t h e  M-Q-S system must 
combine t h e  d i e l e c t r i c  p r o p e r t i e s  of t h e  g lassy  o x i d e  layer ,  t h e  semi- 
conductor  su r face  p r o p e r t i e s  a t  t h e  i n t e r f a c e  and t h e  b u l k  conduct ion  
o r  d e p l e t i o n  p r o p e r t i e s .  Each o f  these has i t s  d i s d i p a t i o n  mechan- 
isms t o  c o n t r i b u t e  t o  losses i n  an M-O-S c a p a c i t o r .  Th i s  summary o f  
losses i n  g l a s s  covers a t o p i c  t h a t  has n o t  been accentuated by prev ious  
i n v e s t i g a t i o n s  of  
D i e 1 e c t  r 
o f  f o u r  processes 
M-O-S s t r u c t u r e s .  
c losses g e n e r a l l y  a r e  t h e  
( 1 )  conduct ion,  ( 2 )  d i p 0  
sum of  t h e  c o n t r i b u t i o n s  
e r e l a x a t i o n ,  ( 3 )  atomic 
v i b r a t i o n ,  and (4) network deformation. F igures  4 and 5 i l l u s t r a t e  
W 
c 
m 
t 
W 
S 
m 
t 
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t h e  r e l a t i v e  magnitude o f  these losses as a f u n c t i o n  o f  frequency1 
Conduction losses may be i d e n t i f i e d  w i t h  t h e  mot ion  o f  network 
mod i f y ing  ions i n  o r d i n a r y  glasses. The loss AeJrm may be w r i t t e n :  
Tan&: = l/wf (E 
The conduct ion  losses a r e u s u a l l y  n e g l i g i b l e  a t  room temper- 
a t u r e  above 50 cps. A t  low frequency and a t  e l e v a t e d  temperatures, t h e  
i o n i c  conduct ion  c o n t r i b u t e s  t o  the c u r r e n t  i n  t h e  g l a s s  d i e l e c t r i c .  
The r e s i s t i v i t y  may be determined by t h e  " r i g i d i t y "  6 f  t h e  
s i l i c o n - o x y g e n  network and t h e  p r o p e r t i e s  o f  o t h e r  ions added as w e l l  
as t h e  v i s c o s i t y ,  p o l a r i z a t i o n ,  and d i f f u s i o n  p r o p e r t i e s  o f  t h e  mater- 
i a l .  R e s i s t i v i t y  o f  g lasses  i s  commonly analyzed i n  two s e r i e s  t y p e  
a n  J 
The second i s  s i m p l e r  and can be reasonably w e l l  de r i ved  from funda- 
menta I s  th rough an a p p r o p r i a t e  model. 
The model of an i o n  jump i ng from a depressi  on i n t h e  curve  o f  
p o t e n t i a l  energy versus p o s i t i o n  i n  t h e  network s t r u c t u r e  t o  another  
ne ighbor ing  depression i s  t h e  mechanism f o r  both conduct ion  and r e l a x -  
a t i o n  losses. The conduct ion  p o r i i o n  occurs because an e l e c t r i c  f i e l d  
s t i m h l i t d d  d r i f t  f o r  a Charge i o n  t o  a l l o w  it t o  be therma l y  e x c i t e d  
in one d i r e c t i o n  more eas i  l y  than  the o t h e r .  The r e s l s i i v  t y  - may 
where: T = abso lu te  temperature 
4 = energy h e i g h t  o f  b a r r i e r  t o  be jumped 
I/- frequency o f  atomic v i b r a t i o n  
-8- 
L 
i 
7 7 d i s t a n c e  t h e  ion  jumps (usual4y from i n t e r s t i c e  t o  i n t e r s t i c e )  
n = c o n c e n t r a t i o n  o f  ions under c o n s i d e r a t i o n  
k = Boltzmann's cons tan t .  
b = number o f  ne ighbor ing  i n t e r s t i c e s  
e = charge on t h e  ion  
This  form o f  equat ion  may be p u t  i n t o  t h e  ,A + B/T form. Experimental 
measurement o f  t h e  cons tan t  B permi ts  c a l c u l a t i o n  of t h e  a c t i v a t i o n  
energy 6. 
The a c t i v a t i o n  e n e r g y 4  depends on t h e  " r i g i d i t y "  dft-khe net -  
work and t h e  p r o p e r t i e s  o f  t h e  ion.  The r i g i d i t y  i s  c h a r a c t e r i z e d  by 
t h e  r e l a t i v e  number o f  b r i  ing  and non-b r id ig ing  oxy en atoms i n  each 
network polyhedron. 
i con  atoms; non-hr i  dg ing  oxygen bonds t o  qn l y  ona sii I i con  atom. 
number o f  non -b r id@lng  atoms increases t h e  s t r u c t u r e  has more and 
l a r g e r  i n r te rs t i ces .  The s t r u c t u r e  i s  then s a i d  t o  be less r i g i d ;  atoms 
may move i n  t h e  s t r u c t u r e  more e a s i l y .  
9 
4/. d4 
B r i d g i n g  oxygeris a r e  chcmical l y  bondcd 1-0 two s i  I -  
& t h e  
The cons tan t  A depemds on the i o n  concen t ra t i on ,  t h e  jump 
d i s t a n c e  f o r  the ion,  and t h e  presence o f  o t h e r  l a rge  atoms i n  t h e  
network, The cons tan t  A i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  
o f  ions.  The ions cannot move through t h e  network as read1 l y  i f  l a rge  
ions b l o c k  t h e " i n t e r s t i t i a 1  passages. 
Surface c o n d u c t i v i t y  i s  q u i t e  a d i f f e r e n t  t h i n g .  I t  depends 
strongly on r e l a t i v e  humid 
so I ub l e  ions.  Other than 
g lasses  ha5 rece ived  I itt 
The d i p o l e  r e l a x  
t y  and t h e  su r face  c o n c e n t r a t i o n  o f  water 
these g e n e r a l i t i e s  s u r f a c e  c o n d u c t i v i t y  of 
e i n v e s t i g a t i o n .  
t i o n  losses dominate t h e  conduct ion  losses 
i n  most ac measurements near aud io  f requencies.  Ions moving through 
t h e  s t r u c t u r e  under e l e c t r i c  f i e l d  forces cause t h e  r e l a x a t i o n  losses. 
-9- 
I -  
The mean t ime  between t r a n s i t i o n s  i s  t h e  r e $ a x a t i o n  t i m e  T .  The 
r e l a x a t i o n  t ime  d i s t r i b u t i o n  g e n e r a l l y  f o l l o w s  a Boltzmann f a c t o r  
as i n  %/KT 
lu I = ~ o e  
N 
where: 1, = fundamental p e r i o d  o f  approx imate ly  I O m t 3  sec. 
q 
I I For &X< - 'i' 
occurs  n e a r u T = l  where t h e  ions move p r i m a r i  l y  because o f  t h e  appl i e d  
= h e i g h t  o f  energy b a r r i e r  and approx imate ly  t h e  same as 
f 6 r  t he  c o n d u c t i v i t y  i o n  a c t i v a t i o n  energy. 
and f o r  w > > ~  t h e  d i s s i p a t i o n  i s  sma l l .  Maximum loss 
e l e c t r i c  f i e l d .  The power f a c t o r  may be expressed as 
where C5 = s t a t i c  d i e l e c t r i c  cons tan t  (dc )  
e '  = d i e l e c t r i c  cons tan t  a t  frequency d 
h i g h  frequency d i e l e c t r i c  cons tan t  
/cl 
and 7 = I, exp (q/kT) 
The r e l a x a t i o n  t ime  has a very wide range o f  $slues i n  a g lassy  m a t e r i a l  
because o f  t h e  d i v e r s e  loca l  s t r u c t u r e .  Tan& versus frequency curves 
e x h i b i t  a broad maximum f o r  t h e  r e l a x a t i o n  c o n t r i b u t i o n .  
Ded6rmation o f  t h e  s i  l icon-oxygen network c o n s t i t u t e s  t h e  t h i r d  
loss mechanism. The a tomic  mot ion f o r  deformat ion loss i s  less than 
f o r  r e l a x a t i o n  loss. T h i s  may be v i s u a l i z e d  as a k i n d  o f  f l e x i n g  o f  
t h e  s i  l icon-oxygen a tomic  cha ins  i n  t h e  s t r u c t u r e ;  hence t h e  t i t l e - -  
de format ion  loss, As t h e  temperature decreases, t h e  frequency o f  
on loss s h i f t s  from h i g h  (approx imate ly  IOIO cps)  maximum deformat 
f requency t o  med 
f o r  t a n s  i s  t h e  
energy i s  less.  
urn f requenc ies  (approximately IO6 cps ) .  The express ion  
same as f o r  r e l a x a t i o n  losses, b u t  t h e  a c t i v a t i o n  
The de format ion  losses a r e  usual l y  swamped by t h e  
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v i b r a t i o n  losses except  a t  50°K o r  less.  
The v i b r a t i o n  losses a r i s e  from t h e  damping o f  t h e  harmonic 
mot ion of  each atom o r  r a d i c a l  t h a t  can v i b r a t e  i n  t h e  l a t t i c e .  The 
resonant frequency i s  o f  t h e  form 
a= (qm) !$- 
The m u l t i p l e  masses p r e s e n t  and t h e  d i v e r s e  
rneafls-a wide frequency dependence f o r  k i  b r a t  
t i n c t i o n  e x i s t s  between v i b r a t i o n  losses and 
oca1 s t r u c t u r e  i n  a g l a s s  
on losses. No sharp d i s -  
r e l a x a t i o n  losses. 
A I  t h e  loss mechanisms depend on t h e  chemical composi t ion o f  
t h e  g lass .  E x i s t i n g  l i t e r a t u r e  discusses h i g h  c o n c e n t r a t i o n s  of  I i t h -  
ium, sodium and o t h e r  ions.  Such d iscuss ion  can be a p p l i e d  o n l y  q u a l i -  
t a t i v e l y  t o  t h e  "h igh  p u r i t y "  g l a s s  on s i  l i c o n  c r y s t a l s .  General l y  
one can s t i l l  expect  t h e  losses t o  depend on t h e  n a t u r e  of Mhe ions,  
t h e  c o n c e n t r a t i o n  of t h e  ions, and t h e  r i g i d i t y  of  t h e  network.  Water 
and temperature bo th  i n f l u e n c e  these c o n s i d e r a t i o n s  s t r o n g l y .  
The I i t e r a t u r e  considered here d i d  n o t  d iscuss phosphate g lasses.  
The apparent s t a b i l i z a t i o n  o f  p lanar  dev ice  ox ides by phosphorus 
makes phosphate g l a s s  a pr ime sub jec t  for i kvest i i jn -b ion.  
- I  I -  
l l .  Exper imenta t ion  and Ana lys is  
A. Samp l e  P r e p a r a t i o n  
The s i l i c o n  was 60 ohm-cm n-type. The i n g o t  was s l i c e d  i n t o  
d i s c s  of  approx imate ly  0.030” (30 m i l s )  t h i c k n e s s .  The s l i c e s  were 
then lapped t o  a t h i c k n e s s  approximately 20 m i l s  and p o l i s h e d  i n  CP-4 
t o  o b t a i n  a m i r r o r  f i n i s h .  Thorough c l e a n i n g  preceded 1200°C wet 
n i t r o g e n  o x i d a t i o n  o f  t h e  s l i c e s .  
The lapp ing  process f o l l o w s  
1 Lapping. 
a, Lap t h e  30 m i l  s t i c e  w i t h  #240 alumina g r i t  t o  a 
t h i c k n e s s  o f  approx imate ly  20 m i l s  t o  remove t h e  saw idamage and t o  re-  
f i t  i n  t h e  q u a r t z  boat .  
u l t r a - s o n i c a l l y  c l e a n i n g  i n  
remove t h e  evidence o f  t h e  
duce t h e  t h i c k n e s s  so t h a t  t h e  s l i c e  w i l l  
g r i t  by 
g r i t  t o  
b. Remove t h e  #240 
de ion ized water  and lap w i t h  #400 
61240 g r i t .  
c. Again u l t r a - s o n  c a l l y  c 
and lap k i t h  #600 g r i t  t o  o b t a i n  a smooth 
ean t o  remove t h e  #400 g r i t  
s u r f a c e  p r i o r  t o  chemical ly  
p o l y s h l n g .  
on tk s u r f a c e  because t h e  chemical p o l i s h  w i  I I e n l a r g e  them. 
Care must be taken i n  t h i s  s t e p  so t h a t  no scra tches  appear 
d. U l t r a - s o n i c a l  l y  c lean t h e  s u r f a c e  p r i o r  t o  p o l i s h i n g .  
2 .  P o l i s h i n g .  
E t c h i n g  produced a smotith m i r r o r  s u r f a c e .  The t i m e  f o r  
p o l  i shi  ng v a r i e s  from 30 seconds t o  I m i  nute.  The r e a c t i  on i s quenched 
by add! ng de ion i  zed water  t o  t h e  CP-4. 
Clean s u r f a c e  p r e p a r a t i o n  i s  p r e s e n t l y  an a r t  and n o t  a 
sc ience.  Several methods g i v e  s a t i s f a c t o r y  r e s u l t s .  The method used 
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here f o l  lows: 
a. Use de ion i zed  water i n  a l l  c l e a n i n g  s teps .  
b. Clean a l  I glassware and o t h e r  hardware t o  be used i n  
t h e  c l e a n i n g  opera t i on  w i t h  a s u i t a b l e  non - ion i c  de te r -  
gen t  or c l e a n i n g  compound. 
c. Scrub t h e  s i l i c o n  wafers t o  be cleaned w i t h  t h e  
de tergent .  
d. Place each water i n  a 50 ml beaker and cover  w i t h  
methy I a lcohol  . 
e. U l t r a - s o n i c a l  l y  ag 
f .  Pour o f f  t h e  methy 
e thy  I ene. 
Q. Carefu I Iy heat  the 
t a t e  f o r  30 seconds. 
a l coho l  and cove r  w i t h  t r i c h l o r o -  
Y t r i c h l o r o e t h y l e n e  u n t  
has been observed f o r  30 seconds. 
h. Pour o f f  t h e  t r i c h l o r o e t h y l e n e  and repea 
i . Pour o f f  t h e  t r i c h l o r o e t h y l e n e  and f l u s h  
f i v e  t imes .  
I boi  I i ng 
s tep d .  
w i t h  water 
j. F i  I I t h e  beaker h a l f  f u l  I w i t h  concent ra ted  n i t r i c  
and heat  a t  8OoC f o r  approximately 20 minutes.  
k. Pour o f f  t h e  n i t r i c  a c i d  and f l u s h  t h e  beaker f i v e  
t imes.  
I .  Cover t h e  wafer  w i  
m. Pour o f f  t h e  methy 
e thy  I ene. 
h methyl  a l coho l  f o r  30 seconds. 
a l coho l  and cover w i t h  t r i c h l o r o -  
n. S t o r e  i n  t h e  t r i c h l o r o e t h y l e n e  u n t i l  ready t o  o x i -  
d i ze .  
4. O x i d a t i o n  
a. Clean t h e  q u a r t z  boat and p l a c e  t h e  cleaned wafers 
i n  t h e  boat .  
b .  P lace  t h e  boat  i n  the fu rnace and o x i d i z e  f o r  t h e  
desi red  t i m e  a t  t h e  desi red  temperature.  
used i n  these experiments were o x i d i z e d  a t  12OO0C f o r  
f i v e  hours i n  an atmosphere o f  n i t r o g e n  and steam. 
The s 1 i c e s  
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5. P repara t i on  o f  t h e  M-O-S S t r u c t u r e  
a. 
w i t h  #240 g r i t .  
Remove t h e  ox ide  f rom one s i d e  of  t h e  wafer  by lapping 
b. Clean t h e  lapped wa fe r  by u l t r a - s o n i c a l l y  a g i t a t i n g  
i n  methyl a l coho l  f o r  30 seconds. 
c. P lace t h e  wafer  i n  t h e  e l e c t r o l e s s  n i c k e l  p l a t i n g  
s o l u t i o n  and p l a t e  the  s i d e  which has been lapped. A 
t h i n  f i l m  o f  n i c k e l  may p l a t e  on t h e  o x i d e  and i t  shou ld  
be removed w i t h  concentrated n i t r i c  a c i d  b e f o r e  d e p o s i t i n g  
t h e  metal con tac ts .  
d. P lace t h e  wafer  w i t h  an a p p r o p r i a t e  mask i n  t h e  vacuum 
and pump t h e  system t o  a d e s i r e d  va lue .  
I x 10-6 was used i n  these t e s t s .  
A p ressure  o f  
e. Depos i t  t h e  g o l d  o r  aluminum by evapora t i ng  i t  a t  
t h e  proper  tempe r a t u  r e .  
B. Exper imenta l  Resu l t s  
I .  Capacitance versus v o l t a g e  read ings  were taken a t  va r ious  
f requenc ies  ove r  a range o f  b i a s  values. The f requenc ies  range f rom 
30 cps t o  10,000 cps and t h e  b i a s  was v a r i e d  from -100 v o l t s  t o  +IO0 
v o l t s  on a ,genera,l Radio Type 1615-A Capacitance Br idge.  
2, D i s s i p a t i o n  f a c t o r  v s u  b i a s  v o l t a g e  were taken s imu l tane-  
ous i y ,  
3. D i s s i p a t i o n  f a c t o r  vs.  frequency readings were examined. 
4. Leakage c u r r e n t  vs. b ias  v o l t a g e  was measured us ing  a 
T e k t r o n i c s t y p e  575 curve  t r a c e r  and a K e i t h l e y  t ype  610-8 E lec t romete r  
and Moseley Autogra f  X-Y recorder .  
- 
The curves i n  F igu re  6 represent  a t y p i c a l  fami l y  of  curves 
ob ta ined  by t h e  capac i tance vs. vo l tage measurements. These curves 
have t h e  same approximate shape as those repo r ted  by o t h e r  workers 
u s i n g  s i m i l a r  techniques.  
t han  t h a t  ob ta ined  by Kerr .  Th i s  i s  p o s s i b l y  due t o  a d i f f e r e n c e  i n  
The s lope o f  t h e  cu rve  i n  F i g u r e  6 i s  g r e a t e r  
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Figure  6 
A t y p i c a l  f a m i l y  o f  curves. The semiconductor used 
was 6 0  ohm-cm N-type w i t h  an o x i d e  t h i c k n e s s  o f  
approx imate ly  I micron. The v o l t a g e  i s  t h a t  o f  t h e  
metal  r e l a t i v e  t o  t h e  semiconductor.  
t h e  manner by which t h e  ox ides were grown. K e r r  has used a d e p o s i t i o n  
techn ique w h i l e  most o f  t h e  o t h e r  workers have grown t h e  ox ides  by 
thermal o x i d a t i o n .  The v o l t a g e  a t  which t h e  capaci tance s t a r t e d  t o  
decrease v a r i e d  from -22 t o  -65 v o l t s  on t h e  devices t e s t e d .  The -22 
v o l t s  va lue  corresponds t o  a d e n s i t y  o f  s u r f a c e  s t a t e s  o f  approx imate ly  
2.5 x 10” cm-2 i f  t h e  d i f f e r e n c e  i n  work f u n c t i o n s  o f  t h e  metal and 
semiconductor i s  neglected.  The -65 v o l t s  va lue  corresponds t o  a 
I I  d e n s i t y  o f  approx imate ly  7 x I O  . These va lues are  i n  c l o s e  agree- 
ment w i t h  those repor ted  by L indner  ( 5  x and i n  o r d e r  o f  magni- 
tude agreement w i t h  va lues r e p o r t e d  by Terman (3.6 x 10”) and Lehovec 
(1.7 x I O  1. Snow, e t .  a l . ,  have observed a s h i f t  i n  t h i s  break p o i n t  12 
i f  t h e  dev ice  i s  b iased and then heated. They a t t r i b u t e  t h i s  t o  a 
space charge being c rea ted  w i t h i n  t h e  ox ide .  Thomas and Young a t t r i -  
b u t e  t h i s  space charge t o  a m i g r a t i o n  o f  oxygen vacancies w i t h i n  t h e  
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o x i d e  toward t h e  s i l i c o n / s i l i c o n  ox ide i n t e r f a c e .  The devices t e s t e d  i n  
exper iments were n o t  heated however and t e s t s  run  severa l  days a p a r t  gave 
r e s u l t s  which agree w i t h i n  I$ .  The va lue  o f  capaci tance used i n  these ca 
c u i a t i o n s  was 1.85 x farads/crn2 which would correspond t o  an o x i d e  
hese 
t h i c k n e s s  of  approx imate ly  I micron u s i n g  a d i e l e c t r i c  cons tan t  o f  3.82 f o r  
t h e  ox ide .  The u n i t  area va lue o f  capact iance was determined by measur ing 
t h e  o x i d e  capaci tance o f  t h e  device ( F i g u r e  3 )  and d i v i d i n g  by t h e  area o f  
t h e  meta I dot .  The area o f  t h e  metal do ts  used was approx imate ly  I .8 mm2. 
Some d i f f i c u l l y w a s  encountered when a l a r g e r  d o t  was used i n  t h a t  t h e  o x i d e  
would break down under a smal l  b i a s  and s h o r t  t h e  dev ice.  Th is  b r e a k i n g  down 
o f  t h e  o x i d e  was a t t r i b u t e d  t o  de fec ts  i n  t h e  o x i d e  such as p i n h o l e s  and t h i n  
areas. Breakdown w i l l  be discussed l a t e r  b u t  t h e  ox ides  were found t o  f a i l  
when t h e  e l e c t r o n i c  f i e l d  reached a va lue  o f  I O 6  vo l ts /cm.  
va lue  i n  g l a s s  i s  107 vo l ts /cm.  
Deal, e t .  a l ,  have d e r i v e d  formulas f o r  t h e  r a t i o  o f  t h e  minimum capa- 
Maximum expected 
c i t a n c e  t o  t h e  maximum capaci tance based on t h e  i m p u r i t y  d i s t r i b u t i o n  i n  t h e  
semiconductor ( e q u a t i o n  12). The t h e o r e t i c a l  va lue  c a l c u l a t e d  from t h i s  
equat ion  i s  0.45 which compares w i t h  va lues o f  0.42, 0.39, 0.42 and 0.385 
ob ta ined from t h e  farni l y  of curves i n  F i g u r e  6. 
The s h i f t  i n  t h e  capaci tance vs. v o l t a g e  curve  corresponds t o  p o s i t i v e  
charges i n  t h e  s u r f a c e  s t a t e s  on a l l  o f  t h e  dev ices t e s t e d .  
F i g u r e  7a shows t h e  d i s s i p a t i o n  f a c t o r  assoc ia ted  w i t h  t h e  curves o f  
F i g u r e  6. The d i s s i p a t i o n  f a c t o r  i s  d e f i n e d  as I / Q  and i n  t h i s  case i s  
equal touRCbecause t h e  capaci tance b r i d g e  measures an e q u i v a l e n t  r e s i s t a n c e  
and capaci tance.  The shape of  t h e  curves a r e  as would be expected s i n c e  t h e  
d i s s i p a t i o n  w o u l d  increase as t h e  capaci tance decreases. The c o n s i d e r a b l e  
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d i s s i p a t  on change w i t h  f requency must come from conduct ion  losses. The 
d i p o l e  r l a x a t i o n  loss D = wRC permi ts  t h e  d i s s i p a t i o n  t o  decrease as t h e  
f requency i s  lowered. However, as F i g u r e  8 shows t h i s  i s  n o t  t h e  case and 
t h e  d i s s i p a t i o n  a c t u a l l y  increases w i t h  decreas ing frequency. D i s s i p a t i o n  a t  
low frequency o f f e r s  a p o t e n t i a l  q u a l i t y  c o n t r o l  measurement which cou ld  
be used e a s i l y  a f t e r  a p p r o p r i a t e  i n v e s t i g a t i o n .  
F igure  8 
D i s s i p a t i o n  Fac tor  vs. Frequency f o r  
a t y p i c a l  Batch of  M-0-S S t r u c t u r e s .  
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I l l .  Breakdown Observat ions 
I n  o r d e r  t o  g a i n  a b e t t e r  understanding o f  t h e  phenomena o f  break- 
down o c c u r i n g  i n  t h e  M-O-S s t r u c t u r e s  t h e  f o l l o w i n g  t e s t s  were conduc- 
ted .  
A. Breakdown s tudy  us ing  t h e  Te t ron i cs  Curve Tracer .  
F igu re  9 
Test  C i r c u i t  us ing  t h e  Tekt ron icsCurve T race r  
Sweep frequency I20 cps. Maximum v e r t i  ca I 
s e n s i t i v i t i y  I microampere p e r  d i v i s i o n .  
The T e k t r o n i a C u r v e  Tracer  sweeps a s p e c i f i e d  v o l t a g e  range 
( f r o m  ze ro  t o  some manual ly  s e t  vo l tage )  a t  a frequency o f  120 cps. 
I t  i s  p o s s i b l e  t o  change con t inuous ly  t h e  sweep v o l t a g e  and observe 
t h e  cor respond ing  c u r r e n t - v o l t a g e  r e l a t i o n s h i p  of  t h e  o s c i  I loscope.  
F igu res  I O  and I I show t h e  r e s u l t s  of t h e  t e s t s .  F igu re  I O  shows t h e  
s t r u c t u r e  be fo re  breakdown and t h e  evidence o f  a smal l  c u r r e n t  f l o w .  
T h i s  seems t o  i n d i c a t e  t h a t  t h e  120 cps ac impedance i s  q u i t e  d i f f e r e n t  
from t h e  dc impedance. F igu re  I I  shows t h e  c u r r e n t  v o l t a g e  behav io r  
a f t e r  breakdown and c l e a r l y  t h e  device behaves as a fo rward  d iode.  
B. Breakdown Study employ ing K e i t h l e y  610-B E lec t rometer .  
The r e s u l t s  o f  t h i s  t e s t  are  shown i n  F i g u r e  13. The s l o p e  
o f  t h e  leakage c u r r e n t  vs. v o l t a g e  changes sha rp l y  f rom approx imate ly  
I O i 3  ohms t o  approx imate ly  I O 9  ohms a t  6 v o l t s  b ias .  T h i s  i s  n o t  
-19- 
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M-O-S I - V  C h a r a c t e r i s t i c s  A f t e r  
Breakdown 
a d e s t r u c t i v e  breakdown because t h e  b i a s  can be reduced t o  zero  and t h e  
I O i 3  ohms p o r t i o n  produced again.,' The dc r e s i s t a n c e  a f t e r  complete 
breakdown ranged f rom IO t o  50 k i  lohms. 
These r e s u l t s  a re  p r e l i m i n a r y  and t h e i r  e x p l a n a t i o n  i s  n o t  
complete a t  t h e  p resen t  t ime.  
breakdown phenomena f u r t h e r  and perhaps r e l a t e  these happenings t o  
changes i n  t h e  d i e l e c t r i c  cons tan t  o r  o t h e r  parameters. 
noted t h a t  t h e  breakdown was f a i r l y  cons tan t  on a p a r t i c u l a r  s l i c e  b u t  
i t  v a r i e d  g r e a t l y  f rom s l i c e  t o  s l i c e .  Th is  cou ld  be d i f f e r e n c e s  i n  
t h e  s u r f a c e  p r e p a r a t i o n  and handl ing.  
They do p o i n t  t o  t h e  need t o  s tudy  t h e  
I t  shou ld  be 
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a t  j u s t  t h e  r i g h t  moment t o  o b t a i n  a good sample. About a t e n  second p e r  
d e f i n e s  t h i s  p o i n t .  
Some success has been achieved i n  e t c h i n g  h i g h e r  r e s i s t i v i t y  m a t e r i a  
I V  . E l e c t r o n  Microscopy 
A. Transmi ss i  on E l e c t r o n  M i  croscopy 
A c t i v i t i e s  d u r i n g  t h i s  r e p o r t  p e r i o d  have been devoted t o  improv ing t h e  
sample p r e p a r a t b n  techniques and observ ing  and s t u d y i n g  t h e  samples i n  t h e  
e l e c t r o n  microscope. 
p l e s  have been f u r t h e r  developed and i t  i s  now p o s s i b l e  t o  o b t a i n  ab0ut .a  
20% y i e l d .  The e t c h  process i s  s e n s i t i v e  because t h e  c u r r e n t  must be stopped 
The procedures r e q u i r e d  t o  produce 30 ohm-cm s i l i c o n  sam- 
od 
slow a c t i n g ,  r e q u i r i n g  up 
slow e t c h i n g  r a t e ,  p r e l i m  
t h i s  technique a r e  much c 
For  each r e s i s t i v i t y  and c o n d u c t i v i t y  type, one must have t h e  optimum c u r r e n t  
d e n s i t y  and j e t  p o s i t i o n .  
I n o r d e r  t o  overcome t h e  d i  f f  i cu  I t y  o f  s topp ing  t h e  c u r r e n t  a t  t h e  c o r r e c t  
t ime, a chemical e t c h  has been employed. Th is  e t c h  i s  composed o f  a 4% 
( w t . / v o l . )  s o l u t i o n  o f  NaOH t o  which a 10% NaOCl s o l u t i o n  i s  added u n t i l  hydro- 
gen ceases t o  be evolved from t h e  s i  I i c o n  sample. B e s t  r e s u l t s  have been ob- 
t a i n e d  when t h e  s o l u t i o n  i s  mainta ined between 90 and I O O O C .  Th is  e t c h  i s  very  
t o  an hour t o  e t c h  one micron. I n  a d d i t i o n  t o  t h e  
nary r e s u l t s  i n d i c a t e  t h a t  t h e  sur faces  prepared by 
eaner than those prepared by e l e c t r o l y t i c  e t c h i n g .  
However, t h e  sur faces of t h e  samples prepared t o  da te  u s i n g  t h i s  techn ique 
appear i r r e g u l a r .  Th is  i r r e g u l a r i t y  w i I  I n o t  p e r m i t  t h e  p r e p a r a t i o n  o f  samples 
u s i n g  t h e  chemica I e t c h  i f an extended p e r i o d  o f  e t c h i  ng i s  requ i red. A com- 
b i n a t i o n  o f  e l e c t r o l y t i c  e t c h i n g  fo l lowed by a s h o r t  p e r i o d  o f  chemical  e t c h i n g  
w i l  I produce t h e  b e s t  r e s u l t s .  
F i g u r e  14 i s  a micrograph o f  a sample prepared by e l e c t r o l y t i c  e t c h i n g  
u n t i l  t h e  t h i n  s e c t i o n  was less than one micron t h i c k .  Next  t h e  sample was 
-22 - 
Figure 14 
St ruc ture  a f t e r  NaOCl Etch 
P-type, 30 ohm-cm S i  l i c o n  (10,500X) 
F igure 15 
S t r i a t i o n s  i n  Surface Deposits 
P-type, 30 ohm-cm S i l i c o n  (23,200>0 
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The 
tam 
t h e  
e x a c t  cause and composi t ion i s  be ing  i n v e s t i g a  
Another prominent  f e a t u r e  o f  F igure  15 i s  t h e  
immersed i n  t h e  chemical e t c h  f o r  about 30 minutes.  The v a r i a t i o n s  i n  i n t e n s i t y  
i n d i c a t e  an i r r e g u l a r  sur face;  t h e  dark areas b e i n g  t h e  t h i c k e r  p o r t i o n s  o f  
t h e  sample. The shape o f  t h e  I i g h t  areas does n o t  conform t o  t h e  expected 
shape o f  an e t c h  p i t  on t h e  [ I l l ]  p l a n e  4f  s i l i c o n .  I t  i s  t h e r e f o r e  f e l t  t h a t  
t h e  i r r e g u l a r  s u r f a c e  i s  caused by s l i g h t  v a r i a t i o n s  i n  e t c h i n g  r a t e s  a t  
random p o i n t s  on t h e  c r y s t a l  sur face.  The dark masses i n  t h e  micrograph a r e  
due t o  f o r e i g n  m a t e r i a l  which has c o l l e c t e d  on t h e  sample sur face .  The shapes 
of  t h e s e  p a r t i  c l  es suggest submi cron d u s t  p a r t i  c I es. 
F igures  15 and 16 a r e  t ransmiss ion  micrographs of samples prepared 
s t r i c t l y  by e l e c t r o l y t i c  e t c h i n g .  
micrographs i s  t h e  appearance o f  very i r r e g u l a r l y  shaped patches o f  dense 
m a t e r i a l .  I t  i s  f e l t  t h a t  these patches a r e  a by-produc t  o f  t h e  e l e c t r o l y t e .  
One of  t h e  most c o n s i s t e n t  f e a t u r e s  i n  these 
ed. 
s t r i p s  o f  c l e a n  and con- 
na ted  areas. T h i s  phenomena i s  i n  a l l  probabi  i t y  caused by v a r i a t i o n s  i n  
chemical p o t e n t i a l  of  t h e  c r y s t a l  sur face .  These v a r i a t i o n s  c o u l d  be 
caused by a v a r i e t y  o f  c o n d i t i o n s ;  two o f  which a r e  v a r i a t i o n s  i n  t h e  c r y s t a l  
homogeneity induced d u r i n g  t h e  growing process and v a r i a t i o n s  i n  i m p u r i t y  
types  and concent ra t ions  which, again, a r e  f u n c t i o n s  o f  growth c o n d i t i o n s .  
The numbered arrows i n  F i g u r e  16a p o i n t  o u t  f o u r  very s imi  l a r  p a t t e r n s  
t h e  nuc leus o f  which are  b e l i e v e d  t o  be d i s l o c a t i o n  loops. The l a r g e s t  nucleus 
(number I ) i s  about 700a i n  diameter. 
formed by t h e  c o l l a p s e  of vacancy d isks.  They a r e  w e l l  w i t h i n  t h e  maximum 
r a d i u s  o f  1.45 microns c a l c u l a t e d  by Elbaum fo r  t h e  c o l l a p s i n g  vacancy d i s c  
mechanism. 
c a t i o n s  formed i n  t h i s  manner and the micrographs presented by ,him, bear  a 
These d i s  l o c a t i o n  loops c o u l d  have been 
~i l,l,ep, e t  d l ,  has publ ished a r e p o r t  on t h e  observance o f  d i s l o -  
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Figure. 16a 
P-type, 30 ohm-cm S i l i c o n  (32,OOOX) 
D is loca t i on  Loops i n  S i  I icon-Br ight  F i e l d  
F igure 16b 
( 3  I ,600X) 
D is loca t i on  Loops i n  S i  l icon-Dark F i e l d  
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Figure 16c 
D i s l o c a t i o n  Loops and E x t i n c t i o n  Contours 
P-type, 30 ohm-cm S i l i c o n  (21,200X) 
Se 
Figure 17 
ected Area [ I I I1 E I ec t ron  D i  f f r a c t  i on Pa t te rn  
D is loca t i on  Number I i n  F igure  16a 
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very good resemblance t o  t h e  loops i n d i c a t e d  i n  t h i s  f i g u r e .  The t h i c k n e s s  o f  
t h e  sample shown i n  t h i s  micrograph i s  less than IOOOAO, t h e r e f o r e  t h e  f o u r  
d i s l o c a t i o n s  present  correspond t o  an approximate volume d e n s i t y  o f  
4 x I O  12 3 7 /cm o r  a sheet  d e n s i t y  of 4 x I O  /cm2. 
The rounded edges o f  t h e  holes g i v e  some i n f o r m a t i o n  on t h e  e t c h i n g  
process. A t  t h e  i n s t a n t  t h a t  t h e  sample i s  f i r s t  penetrated,  t h e  m a t e r i a l  
a d j a c e n t  t o  t h e  p e n e t r a t i o n  should be very t h i n . .  However, a f t e r  penetra- 
t i o n ,  t h e  e l e c t r i c  f i e l d  s t r e n g t h  w i l l  increase s i g n i f i c a n t l y  a t  t h e  sharp 
edge r e s u l t i n g  i n  an increased e t c h i n g  r a t e  a t  t h i s  p o i n t .  The increased 
e t c h i n g  r a t e  w i l l  p e r s i s t  u n t i l  the edges have become rounded and t h e  f i e l d  
s t r e n g t h  reduced t o  a p o i n t  comparable t o  t h a t  p r e s e n t  i n  ad jacent  areas. 
F i g u r e  17 i s  a s e l e c t e d  area d i f f r a c t i o n  p a t t e r n  o f  d i s l o c a t i o n  
Number I i n  F igure  16a. The c e n t r a l  r i n g  o f  Laue spots  have t h e  hexagonal 
symmetry expected f o r  a bearni incidence a long t h e  ( I l l )  a x i s  of  s i l i c o n .  The 
m i n o r  spots  a re  due t o  secondary r e f l e c t i o n s  o f  t h e  e l e c t r o n s .  The l i g h t  
l i n e s  connect ing t h e  Laue spots  o f  t h e  i n n e r  r i n g  a r e  due t o  l a t t i c e  v i b r a -  
t i o n s  i n  t h e  presence o f  t h e  IOOKV e l e c t r o n  beam. 
P o i n t  A i n  F i g u r e  16C i s  a l s o  a loop d i s l o c a t i o n ,  even though t h e  
nuc I eus 
dages t o  
t h e  l a t t  
s n o t  as w e l l  de f ined as those i n  F i g u r e  16a. The apparent appen- 
these d i s l o c a t i o n s  a r e  caused by an increase i n  t h e  s t r a i n  energy of  
ce induced by t h e  d i s l o c a t i o n s .  The increased s t r a i n  energy changes 
t h e  d i f f r a c t i o n  c o n d i t i o n s  o f  t h e  l a t t i c e .  The e x t i n c t i o n  contour  l i n e s  of 
areas B, C and 0 i n  F i g u r e  16C are  caused by v a r i a t i o n s  i n  sample t h i c k n e s s  
and di f ferences.. , ,Ttaey d i f f e r  i n  both c u r v a t i r e  and d e n s i t y  f rom t h e  l i n e s  
r a d i a t i n g  from t h e  d i s l o c a t i o n s .  The dark mass i n  t h i s  f i g u r e  i s  a sub- 
m i c r o n  d u s t  p a r t i c l e .  
Sample p r e p a r a t i o n  techniques a r e  be ing  developed w i t h  emphasis on h i g h  
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res  s t i v i t y  m a t e r i a l .  
o f  he observed s u r f a c e  contaminat ion.  The f i l t e r i n g  s tage be ing  added t o  
t h e  e l e c t r o n ' m i c r o s c o p e  w i l l  improve g r e a t l y  t h e  ease o f  s p e c i f i c  s t r u c t u r e  
i d e n t i f i c a t i o n  i n  c r y s t a l l i n e  m a t e r i a l s .  R e p l i c a t i o n  and t r a n s m i s s i o n  
examinat ion of t h e  same area w i l l  a s s i s t  i n  a n a l y s i s  o f  t h e  s u r f a c e  m a t t e r .  
I nves t i ga t i on< ,con t i i ues  on t h e  o r i g i n  and composi t ion 
-28- 
6 .  R e p l i c a t i o n  o f  
A new rep I i c a t  
t ime.  Th is  method i s  
p r e v i o u s l y .  
S i l i c o n  Surfaces 
on method i s  now used t o  produce o p t  
a modi f i c a t i o n  o f  t h e  "co l  lod ion"  me 
mum r e s u l t s  a t  t h i s  
hod p resented 
The new process w i l l  be presented i n  t h e  f i r s t  s e c t i o n  i n c l u d i n g  
ref inements i n  t h e  wash method and a l s o  t h e  shadowing and evapora t ion  s tage.  
The l a s t  s e c t i o n  w i l l  be a d iscuss ion  o f  r e s u l t s  which have been o b t a i n e d  
amy 
co I 
i n c l u d i n g  a presen 
scope. 
Methyl  ehhy 
ace ta te .  The 
odion. 
The rep4 i c a  
a t i o n  of several  photographs taken i n  t h e  e l e c t r o n  micro- 
New Co I I od i on Method 
ketone (MEK) i s  a much b e t t e r  s o l v e n t  o f  c o l l o d i o n  than 
r e p l i c a t i o n  mix tu re  i s  made i n  a 1O:l r a t i o . i o f  MEK t o  
i s  made i n  t h e  f o l l o w i n g  manner: f i r s t ,  one drop o f  t h e  
col lodion-MEK m i x t u r e  i s  p laced on t h e  sample; then a microscope g r i d  i s  p laced 
i n  t h e  d e s i r e d  l o c a t i o n  on t h e  sample i n  t h e  wet c o l l o d i o n .  The c o l l o d i o n  
m i x t u r e  w i  I I seep up through t h e  g r i d  and w i l  I d ry  h o l d i n g  t h e  g r i d  i n  p l a c e  
on top o f  t h e  specimen. A f t e r  f i v e  minutes t h e  c o l l o d i o n  i s  d ry  and ready t o  
be s t r i p p e d  o f f .  T h i s  i s  accomplished by u s i n g  sco tch  tape w i t h  a 1/16" 
d iameter  h o l e  punched< in  t h e  center  of  t h e  tape. 
on t h e  sample, t h e  tape i s  pressed o v e r  t h e  sample w i t h  t h e  h o l e  centered  over  
t h e  1/8" d iameter  g r i d .  I t  has been found t h a t  t h e  mois tu re  f rom ones 
b r e a t h  makes t h e  c o l l o d i o n  re lease f rom %he sample much e a s i e r  t h a n  i f  t h i s  
i s  n o t  done. Immediately a f t e r  the tape i s  i n  p lace,  beg in  s t r i p p i n g  i t  o f f  
s l o w l y ,  be ing  c a r e f u l  t h a t  t h e  c o l l o d i o n  does n o t  t e a r  and t h a t  t h e  c o l l o d i o n  
A f t e r  b r e a t h i n g  h e a v i l y  
i s  s t r i p p i n g  o f f  t h e  sample. The purpose o f  t h e  h o l e  i n  t h e  tape 
p r e v e n t  as much of t h e  tape as p o s s i b l e  from s t i c k i n g  t o  t h e  samp 
i s  t o  
e, t h u s  
~ 
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p r e v e n t i n g  contaminat ion  o f  t h e  r e p l i c a .  
A t  t h i s  p o i n t  t h e  r e p l i c a  i s  ready f o r  shadowing. As many as t e n  
r e p l i c a s  can be  shadowed a t  once us ing t h e  f o l l o w i n g  mounting method. 
narrow s t r i p s  o f  double s ided  scotch tape on t h e  two long s i d e s  o f  a mic ro-  
scope s l i d e .  Now a f t e r  t h e  sco tch  tape - c o l l o d i o n  - g r i d  combinat ion i s  
s t r i p p e d  o f f ;  t h e  sample i t  i s  tu rned ove r  and mounted ( s t i c k y  s i d e  up) 
P lace  
ide.  By us ing  narrow tape  t o  s t r i p  
these can be hounted s i d e  by s i d e  a long  
across t h e  two s t r i p s  o f  
f h e  g r i d s  o f f  t h e  sample, 
t h e  microscope S I  ide.  
The c o r r e c t  amount 
ape on thec:s 
about ten of  
of  shadowing 
of  .008" p l a t i n u m  w i r e  wrapped t i g h t l y  
i s  ob ta ined  by us ing  about  3/16 t o  1/4" 
around a tungs ten  f i l a m e n t  (about  t h r e e  
t u r n s ) .  
h e l d  t o g e t h e r  w i t h  a moderate amount of pressure.  
must be less  than 4.5 x I O  To r r .  T h i s  system has been a b l e  t o  a t t a i n  
b e t t e r  than 5 x To r r .  The shadowing ang le  which has been used i s  about 
e i g h t  degrees. The rep1 i c a s  have been about 2.5" f rom t h e  p l a t i n u m  source and 
about  3.5" f rom t h e  carbon source. The rep1 i c a s  shou ld  be covered f i r s t  and 
t h e  e l e c t r o d e s  o u t  gased t o  remove i m p u r i t i e s  from t h e  carbon, tungsten,  and 
p I a t i  num. 
carbon. 
For  t h e  carbon c o a t i n g  the carbon rods must be sharp and must be 
The vacuum pressure  
-4 
The rep I i cas are  then  uncovered and shadowed w i t h  p I at i i  num then  
The r e p l i c a s  a re  now ready t o  be washed. A new wash method has been 
F i r s t  t h e  g r i d s  e s t a b l i s h e d  which g i v e s  a c lean  r e p l i c a  a lmost  every t ime.  
a re  removed from t h e  sco tch  tape  by soaking them i n  e t h y l e n e  d i c h l o r i d e  f o r  a 
few minutes.  A f t e r  t h i s  t h e  g r i d s  a r e  p l a c e  i n  a j i g  as descr ibed on page 59 
of  t h e  November 30 Q u a r t e r l y  Report and t h e  vapors o f  MEK (heated)  a re  passed 
ove r  t h e  g r i d  f o r  10-15 minutes.  The MEK vapor seems t o  make t h e  carbon s t i c k  
t o  t h e  g r i d .  The MEK ba th  completes t h e  wash by washing o u t  any remain ing 
-30- 
c o l l o d i o n .  The g r i d s  a re  now ready t o  be examined i n  t h e  etectcnon microscope. 
Resu l t s  of  R e p l i c a t i o n  
The c o l l o d i o n  method descr ibed above has shown much g r e a t e r -  d e t a i l  than 
any o t h e r  method t r i e d ,  g i v i n g  r e s o l u t i o n  o f  20A (based on be ing  ab le  t o  meas- 
0 
argement. Good c o n t r a s t  and i n t e n s i t y  i s  
shown i n  t h e  accompanying photographs. 
u re  0.1 mm) be fo re  photographic en 
ob ta ined  a t  50,OOOX and h igher ,  as 
Rep l icas  have been made o f  s i l i c o n  s l i c e s  (p-t-ype, 30 ohm-cm) ox ided  f o r  
Rep1 i cas  have a l s o  been made o f  p-type, 30-ohm-cm f o u r  hours a t  I IOO°C. 
e tched s i l i c o n  samples 1/8" i n  diameter and about 0.030" t h i c k  on t h e  r i m ,  
etched t o  a c i r c u l a r  area i n  t h e  center  o f  less than 500A t h i c k .  T roub le  has 
been encountered w i t h  t h e  sample break ing  a t  t h i s  t h i n  p a r t  when t h B  rep1 i c a  
i s  s t r i p b e d  o f f .  
same sample which t ransmiss ion  photographs have been taken, b u t  never o f  t he  
same area because o f  t h e  problem of t h e  t h i n  area break ing .  To make a r e p l i c a  
of  t h i s  s t r u c t u r e  t h e  above process has been used w i t h  t h e  sample mounted on 
a mi,croscope s I i d e  as shown i n  F igure 18. 
0 
Thus f a r  photographs of rep1 i cas  have been taken o f  t h e  
Thi n Area o f  I n t e r e s t  
Figure 18 
Mounting Etched S i l i c o n  Sample 
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The sample i s  p laced i n  h o t  wax so t h a t  t h e  wax, when cooled, comes 
about t o  t h e  r i m  of  t h e  sample. This min imizes t h e  chances o f  t h e  r e p l i c a  
t e a r i n g  i n  t h e  s t r i p p i n g  process. I t  i s  b e l i e v e d  t h a t  by g e t t i n g  a b e t t e r  
back ing  o f  wax o r  a s t r o n g e r  ma te r ia l  i n  r e g i o n  I i n  F igu re  18 t h e  specimen 
w i l l  n o t  break as e a s i l y  and r e p l i c a s  w i l l  be ob ta ined  o f  t h e  t h i n  area o f  
i n t e r e s t  which can then  be compared more c l o s e l y  t o  t h e  t ransmiss ion  mic ro-  
scopy photographs. B e t t e r  r e s u l t s  have been ob ta ined  f rom t h i s  s t y l e  sample 
i f  t h e  microscope g r i d  i s  "dimpled" s l i g h t l y  t o  more c l o s e l y  f o l l o w  t h e  con- 
t o u r  o f  t h e  specimen b e f o r e  It i s  p laced on t h e  sample. I n  t h i s  way t h e  
c o l l o d i o n  w i l l  c l i n g  t o  t h e  g r i d  b e t t e r  and w i l l  n o t  t e a r  as e a s i l y  as i f  
tihe g r i d  i s  p laced  f l a t  across t h e  top .  Khe accompanying micrographs show 
some i n t e r e s t i n g  f e a t u r e s  which w i l  I now be noted. 
One d i f f i c u l t y  encountered thus  f a r  has been s t r u c t u r e  observed wR?ch 
m i g h t  be i n  t h e  c o l l o d i o n  r e p l i c a .  T h i s  i s  shown i n  F igu re  19. A l though it 
i s  n o t  known a t  t h i s  t i m e  e x a c t l y  what these bubb le  appearances are, i t  i s  
suspected t h a t  t h e y  a r e  I n  t h e  c o l l o d i o n .  C o l l o d i o n  has a tendency t o  c o l l e c t  
m o i s t u r e  and f r e s h  s o l u t i o n  shou ld  be used t o  min imize  I -h i s  c o n d i t i o n .  
The su r face  s t r u c t u r e  o f  the e tched s i  I I con  can be seen i n  F igures  20 
and 2 l .wh ich  show one sample and F igure  22 which shows another  sample. 
su r face  i s  seen t o  have a d e f i n i t e  t e x t u r e  w i t h  smal l  r i d g e s  about 500A a p a r t  
runn ing  across t h e  sample. I n  these photos t h e  l i g h t  a rea  i i t h  no s t r u c t u r e  
v i s i b l e  i s  t h e  shadow (absence of  p l a t i n u m ) .  Based on t h e  shadow ang le  o f  8 O  
these r i d g e s  on i-he average appear t o  be 20 4 h i g h .  
does n o t  conform t o  these dimensions. The sample i n  F igu re  22 appears t o  have 
a more i r r e g u l a r  t e x t u r e  than t h a t  i n  F i g u r e  21, n o t i n g  t h e  more v a r i e d  shadow 
I engths.  
The 
0 
0 
Other  s u r f a c e  s t r u c t u r e  
F igures  23 and 24 show r e s p e c t i v e l y  an o x i d e  s u r f a c e  and an e tched s u r f a c e  
fo r  comparison. There i s  a d e f i n i t e  d i f f e r e n c e  i n  t h e  t e x t u r e  o f  t h e  two 
-32 - 
F igure 19 
Col lod ion Proper t ies  i n  Rep1 i c a t i o n  
P-type 30 ohm-crn Etched S i l i c o n  ( 1 9 , O O O X )  
F igure 20 
S i  I icon Surface S t ruc tu re  
P-type 30 ohm-cm Etched S i l i c o n  (55,OOOX) 
(Enlargement o f  boxed area i n  top f i g u r e )  
, - 3 3 -  
Figure  21 
Enlargement of  Surface Texture 
P-type 30 ohm-cm S i l i c o n  (147,OOOX) 
F igure 22 
S i  I icon Surface Texture 
P-type 30 ohm-cm S i l i c o n  (50,OOOX) 
-3e- 
Figure 23 
Oxide on P-type 30 ohm-cm Si  l icon (31,OOOX) 
Figure 24 
P-type 30 ohm-crn Etched S i  I icon (29,OOOX) 
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have a much f i n e r  pa 
I t  i s  n o t  known a t  t h  
photographs. Severa I 
t e r  
s t  
rep 
sur faces  which a r e  a t  n e a r l y  t h e  same m a g n i f i c a t i o n .  The o x i d e  appears t o  
u c t  u re .  
de 
n9 
p a t t e r n s  s i m i l a r  t o  t . , i s ,  
than the etched sur face ,  showing almost no s t  
me what t h e  numerous dark p laces  a r e  on t h e  ox  
icas  have been made o f  o x i d e  sur faces  a l l  show 
however, success ive e x a c t  l o c a t i o n  rep1 i c a t i o n  
w i t h  shadowing from d i f f e r e n t  d i r e c t i o n s  must be performed b e f o r e  an accura te  
e x p l a n a t i o n  of these can be g iven.  
I n  summary, r e p l i c a s  :are now being made o f  f l a t  s l i c e s  o f  s i l i c o n ,  
ox ided s i  l i c o n ,  and etched samples i n  o r d e r  t o  complement t h e  capaci tance 
measurements be ing  made. Most of t h e  s t r u c t u r a l  f e a t u r e s  observed a r e  ade- 
q u a t e l y  understood. Repi i c a s  o f  e x a c t l y  t h e  same area w i  I I soon )be o b t a i n e d  
w i t h  which it can be determined whether t h e  s t r u c t u r e  i s  on t h e  r e p l i c a  o r  
t h e  sur face.  I d e n t i c a l  area micrographs by bo th  rep I i ca and t ransmiss ion  
techniques, c a n i u s u a f l ; ~  r e s o l v e  t h e  q u e s t i o n  o f  whether observed s t r u c t u r e  
a r i s e s  from b u l k  o r  s u r f a c e  c h a r a c t e r i s t i c s .  
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V. Analytical Techniques 
The general objective of this research program is an ambitious one. 
Thorough description for the si licon/si Iicon oxide system of topography, 
composition, crystallography, physical properties, optical properties, 
and electrical properties, will require extensive as well as intensive 
measurement. Measurement of electrical pnoperties are often strongly 
influenced by the requirement of having to make electrical contact with 
the specimen. This section reports further consideration of optical 
techniques for means of obtaining material parameter information with 
a minimum number of electrical contacts. Techniques for examining 
interface carrier-recombination phenomena and surface optical prop- 
erties by el lipsometry, infrared internal reflection, and luminescence 
are described. 
A. Pulsed Laser System to Study Semiconductors 
The solid-state laser, operated in the Q-switched mode, is a 
unique tool for studying bulk and surface properties of semiconductors. 
Three properties of the laser beam give it superiority over other light 
sources; discrete wavelength associated with each of numerous different 
laser rod materials, abundance of energy in the laser beam, and turn- 
off times of approximately 20 nanosec. 
Bulk and Surface Lifetime Measurement 
Of the presently known techniques of semiconductor lifetime meas- 
urement, the photoconductive technique and its modifications have found 
the widest application. In fact, the method has been recommended as a 
standard by the IRE. However, conventional photoconductive techniques 
have severe limitations for certain applications. The most serious Iimi- 
tations arise from the light source itself. The absorption coefficient 
t h e  samp 
Mos 
chopped 
samp 
t i o n  
I i f e  
o f  semiconductors i s  la rge  f o r  l i g h t  i n  t h e  v i s i b l e  f requencies;  as a 
r e s u l t ,  s u r f a c e  recombinat ion o f t e n  overcomes (o r  a t  l e a s t  i n t e r f e r e s  w i t h )  
t h e  b u l k  recombinat ion l i f e t i m e .  When f i l t e r s  a r e  used, t h e  l i g h t  i n t e n s i t y  
i s  u s u a l l y  at l -enuated t o o  much f o r  r e l i a b l e  s i g n a l s  t o  be ob ta ined f rom 
e. 
l i g h t  pu lses  are  produced by e i t h e r  e l e c t r o n i c  f l a s h e r s  o r  
i g h t  f rom a "s t rong"  I i g h t  p r o j e c t o r .  The e l e c t r o n i c  f l a s h e r ,  
due t o  l a r g e  t r a n s i e n t  c u r r e n t s ,  o f t e n  r e s u l t s  i n  i n t e r f e r e n c e  f o r  t h e  
sample s i g n a l .  The chopped l i g h t  i s  u s u a l l y  o f  low i n t e n s i t y  and long 
de lay .  E i t h e r  o f  these hinderances can be cor rec ted ,  b u t  o n l y  a t  t h e  
expense o f  t h e  o t h e r .  A t y p i c a l  decay may l a s t  f o r  a few microseconds; 
t h e  lower l i m i t  f o r  measureable l i f e t i m e s  i s  t h e r e f o r e  f i x e d  a t  t h i s  
value. 
The convent ional  s o l u t i o n s  t o  t h e  above problems are :  
F i  l t e r s  o f  t h e  same t y p e  semiconductor a r e  p laced i n  f r o n t  o f  t h e  
e which a l l o w  o n l y  t h e  more p e n e t r a t i n g  ( i n f r a r e d )  p a r t s  o f  t h e  r a d i a -  
t o  go through,  s t r i k e ,  and penet ra te  t h e  t e s t  sample. The measured 
ime i s  then assumed t o  be t h e  b u l k  l i f e t i m e .  O f  course, an undesi red 
e f f e c t  o f  the  f i I t e r  i s  a f u r t h e r  a t t e n u a t i o n  o f  t h e  a l  ready weak e x c i  t a -  
t i o n  r a d i a t i o n ,  Constant l i g h t  f i l l s  b u l k  t r a p s .  See F igures  25-28. 
Sur face l i f e t i m e  i s  measured by removing t h e  semiconductor f i l t e r  and 
u s i n g  a s u f f i c i e n t l y  t h i n  sample so t h a t  t h e  b u l k  l i f e t i m e  i s  n e g l i g i b l e  
i n  comparison w i t h  t h e  s u r f a c e  recombi n a t i o n .  
There i s  no r e a d i l y  acceptable s o l u t i o n  f o r  t h e  long delay o f  t h e  
chopped l i g h t .  L ikewise, t h e r e  i s  a p r a c t i c a l  l i m i t  t o  how i n t e n s e  t h e  
l i g h t  can be made. 
The b a s i c  change used by EMRL i s  t h e  u t i l i z a t i o n  o f  a pu lsed 
l a s e r  f o r  t h e  I i g h t  source. The most s i g n i  f i c a n t  advantage t o  t h e  system 
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0 200 4G0 600 
T I M E  - microseconds 
F i g u r e  25 
Photo-Conduct iv i  t y  Wi thout  L i g h t  F i  I t e r  
T I M E  - microseconds 
F i a u r e  26 
Photo'Conductivi t y  W i  til L i g h t  F i  I r e r  
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F igu re  27 
Trap Evidence i n  Photo-Gonduct iv i t y  
F i g u r e  28 
Reduced Trapping by Constant  I l l u m i n a t i o n  
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i s  t h e  s e p a r a t i o n  o f  b u l k  and sur face l i f e t i m e s .  The cho ice  o f  l a s e r  rods 
i s  s u f f i c i e n t l y  v a r i e d  so t h a t  rods can be s e l e c t e d  whose monochromatic 
f requenc ies  enable one t o  e x c i t e  the  semiconductor both above and below 
t h a t  corresponding t o  t h e  i n t r i n s i c  band gap. Thus one can examine t h e  
s u r f a c e  recombinat ion of samples o f  a r b i t r a r y  geometr ies ( t h i c k  or  t h i n )  
w i t h o u t  be ing  concerned w i t h  b u l k  e f f e c t s  by us ing  a l a s e r  rod whose 
frequency corresponds t o  a high’ absorp t ion  c o e f f i c i e n t  o f  t h e  semi- 
conductor.  Then by choosing a d i f f e r e n t  r o d  w i t h  a frequency near t h e  ab- 
s o r p t i o n  band edge, one can then measure b u l k  recombinat ion w i t h o u t  
u s i n g  a f i l t e r  t o  remove undesi red frequency components f rom t h e  r a d i a t i o n .  
Lack of  i n t e n s i t y  w i  I I n o t  be a problem f o r  t h e  EMRL laser .  
F i l t e r s  can be used t o  a t t e n u a t e  the s i g n a l  so t h a t  t h e  d e n s i t y  of r a d i a -  
t i o n  produced c a r r i e r s  does n o t  d i s t u r b  e q u i l i b r i u m  c o n d i t i o n s .  
A Q-spo i led  laser ,  as designed, w i l l  be capable o f  a p u l s e  d u r a t i o n  o f  
less  than 100 nanosec. , thus  t h e  lower I i m i t  o f  measurable I i f e t i m e s  
has been decreased by more than I O .  
The l i f e t i m e  measurements as of  t h e  p r e s e n t  t i m e  have been made 
w i t h  t h e  l a s e r  xenon f l a s h  tube on ly .  The l a s e r  rods are  now be ing  
i n s t a l l e d .  T h i s  p r e l i m i n a r y  work has been hampered by t h e  same problems 
as a r e  faced by anyone us ing  convent ional  photoconduct ive methods. Resu l ts  
have been most g r a t i f y i n g  however. Measurements made on s i l i c o n  samples 
w i t h  and w i t h o u t  s i l i c o n  f i l t e r s  have y i e l d e d  o b v i o u s l y  d i f f e r e n t  r e s u l t s .  
The c o n d u c t i v i t y  changes when us ing t h e  f i l t e r  have proved t o  be s u p e r i o r  
i n  exponent ia l  form (as  p r e d i c t e d  by t h e o r y ) .  The present  system produces 
unmeasurable ( i f  any) photo-vo l tage e r r o r  s i g n a l .  
I n t e n s i t y  i s  no problem f o r  t h e  system. F i  l t e r s  a r e  b e i n g  used t o  
a t t e n u a t e  t h e  r a d i a t i o n .  The xenon l i g h t  c h a r a c t e r i s t i c s ,  as viewed by 
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an RCA 630 p h o t o c e l l ,  show l i g h t  d u r a t i o n  t o  be approx imate ly  one m i l l i -  
second. 
The present  work, us ing  o n l y  t h e  xenon f l a s h  tube, was undertaken 
so as t o  g a i n  exper ience w i t h  p r i n c i p  
data. Problems o f  sample b i a s i n g ,  f i  
ray  o s c i  I loscope, photographic  record 
e t c .  have been encountered and so lved 
Severa 
semiconduc 
es o f  o b t a i n i n g  photoconduct ive 
t e r i  ng, s y n c h r o n i z a t i o n  o f  cathode- 
ng, t i m e  and v o l t a g e  c a l i b r a t i o n ,  
Sur face Cleaning Study 
methods have been used t o  o b t a i n  an a t o m i c a l l y  c l e a n  
o r  sur face .  An a t o m i c a l l y  c l e a n  s u r f a c e  i s  by d e f i n i t i o n  
one t h a t  i s  f r e e  f rom a l l  b u t  a few percent  o f  a s i n g l e  monolayer o f  
f o r e i g n  atoms, e i t h e r  adsorbed o r  s u b s t i t u t i o n a l l y  r e p l a c i n g  s u r f a c e  
atoms o f  t h e  p a r e n t  l a t t i c e .  I n  p r e p a r a t i o n  f o r  v a r i o u s  measurements 
o f  semiconductor proper t ies, ;~ac~t iampIe i s  o r d i n a r i  l y  c leaned by sand- 
blast i-rhg and p o l i s h i n g  o r  by e t c h i n g  w i t h  one of  severa l  chemical so lu -  
t i o n s  and r i n s i n g  w i t h  d i s t i l l e d  or  de ion ized water .  T h i s  t y p e  o f  
t rea tment ,  w h i l e  s u f f i c i e n t  f o r  most exper iments,  leaves t h e  s u r f a c e  
covered w i t h  a f i l m  severa l  monolayers t h i a k .  The sample w i l l  a l s o  
have l a r g e  c l u s t e r s  o f  f o r e i g n  molecules a t tached t o  i t s  sur face .  How- 
ever,  t h i s  i s  as c l e a n  a s u r f a c e  as can be expected a t  room temperature 
and atmospher ic pressure,  s i n c e  a c leaner  s u r f a c e  w i  I I adsorb such a f i  I m  
i n  a smal l  f r a c t i o n  o f  a second upon exposure t o  a i r .  
Clean sur faces  have p r e v i o u s l y  been o b t a i n e d  by c leavage o f  a 
m a t e r i a l ,  growth of  a new s u r f a c e  of  m a t e r i a l ,  evapora t ion  of  s u r f a c e  
layer ,  and by jon',blohbardmeht. Ion  bombardment i s  t h e  most common tech-  
n ique f o r  c l e a n i n g  a s u r f a c e  o f  an e x i s t i n g  m a t e r i a l .  
damage by i o n  bombardment must b c  ann4xlcil. t o  o b t a i n  t h e  b a s i c  c r y s t a l  
R e s u l t i n g  s u r f a c e  
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s t r u c t u r e  a t  t h e  s u r f a c e  o f  t h e  m a t e r i a l .  
o t h e r  f o r e i g n  atoms on a s u r f a c e  i s  a d i Q f  
The exac t  n a t u r e  o f  t h e  adsorp t ion  
stood. Semiconductor sur faces  adsorb l a r g  
energy o f  
i s  mounted 
p u l s e  of  I 
t h e  energy f rom 
r e  I eased p a r t  i c 
as an increase 
pumps are  i n  co 
o r i g i n a l  l e v e l .  
Removal o f  adsorbed gases and 
cu  I t task .  
process i s  n o t  y e t  f u l  l y  under- 
q u a n t i t i e s  o f  oxygen. Heat 
o f  a d s o r p t i o n  measurements o f  germanium sur faces  suggest t h a t  s i n g l e  oxygen 
atoms are  c o v a l e n t l y  bound t o  t h e  sur face.  Hydrogen a l s o  appears t o  
adsorb as s i n g l e  atoms. I t  has been suggested t h a t  hydrogen atoms may be 
b u r i e d  under t h e  semiconductor sur face  and n o t  h e l d  by c o v a l e n t  bonds. 
N e g l i g i b l e  amounb of molecu la r  n i t r o g e n  and carbon monoxide have been 
observed on germanium sur faces .  Several o rgan ic lgases  adsorb on germanium 
t o  one monolayer. 
e l e c t r o s t a t i c  fo rces  s i m i l a r  t o  those o f  t h e  hydrogen bond. 
These molecules appear t o  be h e l d  t o  t h e  s u r f a c e  by 
Even less i s  known about adsorp t ion  on s i l i c o n .  Oxygen and 
hydrogen a r e  adsorbed, b u t  exper iments d isagree as t o  t h e  t y p e  o f  bond- 
i n g  t h a t  i s  present .  
The purpose o f  t h i s  exper iment i s  t o  determine whether t h e  ad- 
sorbed i m p u r i t i e s  can be re leased from t h e  semiconductor s u r f a c e  by t h e  
i g h t  from a pu lsed laser .  A sample o f  germanium o r  s i l i c o n  
i n s i d e  a vacuum chamber a t  a p ressure  o f  a b o u t  10-9 T o r r .  
g h t  f rom t h e  l a s e r  i s  d i r e c t e d  toward t h e  sample. H o p e f u l l y ,  
A 
t h e  l a s e r  p u l s e  w i  I I re lease t h e  adsorbed m a t e r i a l s .  The 
es should cause a r i s e  i n  pressure,  which can be observed 
n c u r r e n t  through the Vaclon pump. Since t h e  vacuum 
s t a n t  opera t ion ,  pressure q u i c k l y  decreases t o  i t s  
Therefore,  i f  t h e  c u r r e n t  t o  t h e  Vaclon pump i s  d i s p l a y e d  
on an o s c i l l o s c o p e ,  t h e  r e s u l t i n g  t r s c a  should show a sharp r i s e  as t h e  
l a s e r  i s  f i red f o l  lowed by an exponent ia I decay as t h e  pressure  f a  I I s  back 
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t o  t h e  o r i g i n a l  l e v e l .  The amount of m a t e r i a l  removed can be c a l c u l a t e d  
f rom t h e  pressure  and t h e  volume of  t h e  chamber. 
Dynami cs o f  Q-Sw i tched Lasers 
Laser a c t i o n  i s  l i g h t  a m p l i f i c a t i o n  by t h e  s t i m u l a t e d  emiss ion 
o f  r a d i a t i o n .  Some m a t e r i a l s  such as a few o f  t h e  r a r e  e a r t h  s a l t s  
e x h i b i t  sharp a d s o r p t i o n  spec t ra  and f luorescence.  By e x c i t i n g  these 
atoms i n t o  a h i g h e r  energy s t a t e  by a pumping l i g h t ,  then i n d u c i n g  t h e  
emiss ion o f  l i g h t  so as t o  be i n  phase w i t h  a l i g h t  s i g n a l ,  one has a 
coherent  l i g h t  a m p l i f i e r .  I f  a l i g h t  p u l s e  i s  r e f l e c  
rod  severa l  t imes, i t s  ampl i tude i s  g r e a t l y  increased 
occur  when t h e  l a s e r  g a i n  p e r  u n i t  length,  a , which 
ed through t h e  l a s e r  
O s c i l l a t i o n  w i l l  
i s  a f u n c t i o n  o f  
f requency P and excess p o p u l a t i o n  
Consider  a rod  of  length  1 
n=n2-nl, exceeds t h e  losses. 
between f l a t ,  para1 le1 end sur faces  
2’ L crn. a p a r t .  
then l i g h t  pass ing back and f o r t h  once between them w i l l  be a m p l i f i e d  i n  
i n t e n s i t y  by R R e 
- l / Z I  
pass i s  e 
T h i s  r e s u l t  i s  developed more r i g o r o u s l y  by Y a r i v  u s i n g  a resonant  c a v i t y  
I f  t h e  r e f l e c t i v i t i e s  o f  these sur faces  a r e  R I  and R 
. Def ine  t h e  loss f a c t o r  , here equal  1-0 9, r-.t 
1 2  
InRIR2, b u t  a l s o  i n c l u d i n g  o t h e r  losses so t h a t  t h e  t o t a l  g a i n  p e r  
. Thus, f o r  o s c i  I l a t i o n  a t  some c e n t e r  f requency, Cr/f-r 41- r 
approach. 
I f  t h e  losses of  t h e  system a r e  k e p t  h i g h  a t  $ , whi l e  t h e  excess 
p o p u l a t i o n  i s  increased by t h e  pumping l i g h t ,  then t h e  losses a r e  sudden-ly 
reduced t o  ( , a g i a n t  p u l s e  w i  I I be produced w i t h  energy many t imes 
g r e a t e r  than t h e  cont inuous (CW) laser.  Before  s w i t c h i n g ,  t h e  excess 
p o p u l a t i o n  i n v e r s i o n  i s  n * a f t e r  s w i t c h i n g  i t  tends t o  n 
emiss ion.  The t o t a l  l i g h t  o u t p u t  energy i s :  
and n i 7 . n f  f o r  i ’  f ’  
The f a c t o r  1/2 appears because t h e  excess p o p u l a t i o n  decreases by two fo r  
each photon emi t ted .  
j o u l e s ,  n i  .v0.25N=4 x IOl5 a t  300°K, and n w i  I I be between &-and zero.  
Thus, 1 /2 /aU=”0 .56  
of  t h i s  due t o  o u t p u t  coup l ing ,  i n t e r n a l  losses and non-act ive c r y s t a l  
For  t h e  R I  t r a n s i t i o n  of  p i n k  ruby, & ? ‘ = 2 . 8 ~ 1 0 - ~ ~  
NY 
f 
, b u t  i n  p r a c t i c e  it i s  o n l y  a smal l  f r a c t i o n  
cm3 
p e r i p h e r y .  There i s  a dependence o f  t h e  g i a n t  p u l s e  ampl i tude and decay 
on t h e  s w i t c h i n g  t ime,vh ich may be broken i n t o  two c lasses,  f a s t  s w i t c h i n g  
and slow s w i t c h i n g .  
F o l l o w i n g  t h e  work o f  H e l l w a r f h , .  Maiman, and Wagner and Lengyel, 
t h e  t i m e  r a t e  of  change of  photon densi ty ,  # , and o f  excess p o p u l a t i o n  
i n v e r s i o n  p e r  u n i t  volume, n, i s  
and 
where & = c o e f f i c i e n t  o f  amp1 i f i c a t i o n  = 
d o = a d s o r p t i o n  c o e f f i c i e n t  o f  l a s e r  m a t e r i a l  
N =number of  a c t i v e  ions  i n  l a s e r  e IementwI .6x IO cm 
do n 
N 
19 - 1  
t , =t ime fo r  s i n g l e  passage of  l i g h t  
T = photon I i f e t i m e  = t 
‘d 
These n o n z l i n e a r  d i f f e r e n t i a l  eauat ions a r e  v a l i d  o n l y  f o r  f a s t  s w i t c h i n g ,  
j .e., when s w i t c h i n g  t i m e  i s  so s h o r t  t h a t  4 and n a r e  n o t  a p p r e c i a b l y  
a I t e r e d .  T h i s  swi t c h i  ng t i m e  i s  of t h e  o r d e r  of 20 nanoseconds and i s  
u s u a l l y  done w i t h  e l e c t r o - o p t i c a l  devices such as K e r r  o r  Pockel c e l l s .  
By use o f  some e m p i r i c a l  r e s u l t s ,  the d i f f e r e n t i a l  equat ions  may be numer- 
i c a  I l y  approximated. 
Slow swi tch ing ,  i n  wh 
t h e  s w i t c h i n g  per iod ,  i s  cons 
ch the i n v e r s i o n  p o p u l a t i o n  changes d u r i n g  
dered by Benson and Mirarchi . .  Hor ton extends 
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t h e  genera l  equat ions  o f  He1 war th,  as p rev ious  y presented, t o  i n c l u d e  
s low swi t c h i  ng by a r o t a t i n g  r e f  l e c t o r  and ob ta  ns a p l o t  o f  4 and n 
versus t ime.  Hor ton  f u r t h e r  shows t h a t  by p roper  v a r i a t i o n  o f  rod length  
and r o t a t i o n  speed t o  optimum cond i t i ons ,  pu l se  ampl i tudes  are  equal t o  
those f o r  t h e  f a s t - s w i t c h i n g  case. Slow s w i t c h i n g  has been found t o  be 
less  d e s i r a b l e  f o r  most a p p l i c a t i o n s  because o f  lower power, s lower  r i s e ,  
longer  du ra t i on ,  and " a f t e r  pu lses"  o r  m u l t i p l e  pu lses .  
I t  has been assumed i n  t h e  preceeding d i scuss ions  t h a t  t h e  dominant 
loss mechanism i s  t h e  m i  r r o r  adsorp t ions .  P e r f e c t i o n  o f  r e f l e c t i n g  m i r r o r s  
i s  now be ing  accomplished t o  t h e  ex ten t - ; - tha t  t h i s  assumption w i l l  no longer  
be v a l i d ,  b u t  a s a t i s f a c t o r y  theo ry  on o t h e r  losses has y e t  t o  be presen- 
ted .  A s tudy by Menat shows t h a t  f o r  power and energy cons ide ra t i ons ,  , 
t h e  presence o f  a i r  space o r  any o the r  media between t h e  ruby and t h e  
m i r r o r s  does n o t  app rec iab l y  a f f e c t  t he  r e s u l t s .  The photon decay t ime, 
T, i s  a f fec ted ,  however, Mace and McCalI have shown t h a t  shaping t h e  
o p t i c a l  pump pu lse  shape has l i t t l e  e f f e c t  on t h e  p o p u l a t i o n  i nve rs ion ,  
though it does a f f e c t  f l a s h  Tube l i f e .  
There a re  two genera l  t ypes  o f  pu l se  de tec t i on ,  one a measure o f  
t o t a l  energy o r  power o f  a pu lse,  the o t h e r  a measure o f  l i g h t  i n t e n s i t y  
versus t ime, from which power and energy may be c a l c u l a t e d .  
I n  e a r l y  power measurements, t h e  a b i l i t y  o f  t h e  l a s e r  beam t o  
punch ho les  i n  metal f o i l s  was used f o r  e s t i m a t i o n .  Th is  method has 
d i f f i c u l t i e s  because t h e  amount o f  energy t e f l e c t e d  and t h e  amount passed 
th rough t h e  h o l e  cannot be accu ra te l y  determined. Deb e t  a l  desc r ibe  
t h e  b l a c k  body adsorber  i n  which energy i s  measured by a r i s e  i n  temperc?T 
t u r e .  For energ ies  above about  f i v e  j o u l e s  t h i s  dev ice  i s  i naccu ra te  due 
t o  incomplete adso rp t i on  and d e t e r i o r a i i o n  o f  t h e  m a t e r i a l .  H igher  o u t p u t s  
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can be measured by t h e  d e f l e c t i o n  o f  a m i r r o r  caused by r a d i a t i o n  pressure 
on a t o r s i o n a l  pendulum. 
I n  measuring t h e  t ime v a r i a t i o n  o f  l i g h t  i n t e n s i t y ,  t h e  l i g h t  
s i g n a l  i s  i n v a r i a b l y  t ransduced i n t o  an e l e c t r i c a l  o r  microwave s i g n a l .  
Brand and co I I abora tors  used a german i um b I ock w i t h  very  s h o r t  I i f e t  i me 
t o  modulate a microwave s i g n a l ,  which was then de tec ted  and d isp layed on 
an o s c i l l o s c o p e .  Most o t h e r  methods use p h o t o e l e c t r i c  de tec tors ,  such 
as photohubes, photoconductors,  o r  photodiodes. There a r e  a number o f  
commercial l y  avai  l a b l e  de tec tors ,  complete w i t h  c i r c u i t r y .  The o u t p u t  
power and energy can be c a l c u l a t e d  from t h e  o s c i l l o g r a p h  o f  t h e  photo- 
d e t e c t o r  i n  a d d i t i o n  t o  o t h e r  i n f o r m a t i o n  such as r i s e  and fa1 I t imes, 
de lay t ime, and wave shape. Corcoran and Pao have done a s tudy o f  random 
f l u c t u a t i o n s  of p h o t o e l e c t r i c  d e t e c t o r  c u r r e n t  on a quantum mechanical 
bas is .  T h e i r  work shows t h a t  f o r  h i g h = i n t e n s i t y  r a d i a t i o n ,  such as w i t h  
a laser ,  t h e  photon no ise  do minates r a t h e r  than s h o t  no ise,  a l though 
s h o t  n o i s e  dominates f o r  o r d i n a r y  I i g h t  exper iments.  F o r r e s t e r ,  Gudmund- 
and Brown and Twiss have proved t h i s  e x p e r i m e n t a l l y .  
Pulsed Laser System 
ched Pulse Laser System i s  used f o r  semiconductor research 
c Mater i a I s Research Laboratory .  The major  components i n 
t h e  system a r e  the  power Supply, t h e  synchron iz ing  c i r c u i t ,  t h e  l a s e r  head 
and i t s  t r i g g e r  c i r c u i t r y ,  t h e  o p t i c a l  bench, t h e  Porro-pr ism Q-Switch, 
and t h e  assoc ia ted  equipment. F igure 29 i l l u s t r a t e s  t h e  arrangements o f  
t h e  components 
The s y n c h r o n i r i n g  and t r i g g e r  c i r c u i t  incorpora tes  a phase s h i f t e r  
c i r c u i t  1-0 make smal l  changes i n  the i n p u t  s i g n a l  w i t h  respec t  t o  t h e  pos i -  
t i o n  of t h b  Q-Switch pyi>!im, a pu lse  genera tor  d r i v e n  by t h e  i n p u t  s i g n a l ,  
sen and Johnson 
A Q = S w i  
i n  t h e  E l e c t r o n  
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and a t h y r a t r o n  t r i g g e r  t o  i n i t i a t e  t h e  f i r i n g  o f  t h e  pump lamp. Outputs  
a re  p rov ided  f o r  m o n i t o r i n g  a l l  p o r t i o n s  o f  t h e  s i g n a l  th roughout  t h e  
c i r c u i t  w i t h  t r i g g e r  ou tpu ts  f o r  osc i  I loscope e x t e r n a l  t r i g g e r i n g .  
DETECT I ON 
CIRCUITS 
I I 
I VACUUM I TANK 
POWER 
CONTROL SUPPLY 
C I RCU I T 
I I  Q-SPOI LER 
F I  LTER 
OPT I CA L BENCH 
F igure  29 
Block  biagram o f  Pulsed Laser Apparatus 
The l a s e r  head w i t h  i t s  r e l a t e d  w i r i n g  c o n s i s t s  o f  a cy1 i n d r i c a l  
c o n t a i n e r  w i t h  ceramic chuck fo r  mounting t h e  l a s e r  rod, a t r i g g e r  c a p a c i t o r  
and t rans former ,  h e l i c a l  xenon lamp, and two power leads, one f o r  t r i g g e r -  
ing,  and t h e  o t h e r  f o r  t h e  h i g h  vo l tage  pu lse  f rom t h e  power supply .  A 
b lower  p rov ides  fo rced  convec t ion  c o o l i n g  f o r  t h e  lamp. Some m o d i f i c a -  
t i o n s  were made t o  adapt  t h e  head f o r  mounting on t h e  o p t i c a l  bench. 
The Q=Switch was manufactured by t h e  Beckman-Whitley Company. I t  
c o n s i s t s  o f  an a i r - t u r b i n e  as t h e  prime mover f o r  t h e  Por ro  pr ism.  The 
r o t a t i o n a l  speed i s  con t inuous ly  v a r i a b l e  up t o  1500 rps .  The p r i s m  can 
accomodate a l a s e r  beam up t o  l / Z f l  i n  d iameter .  F i l t r a t i o n  prevents  
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f o r e i g n  m a t t e r  from e n t e r i n g  t h e  mechanism, s i n c e  smal I p a r t i c l e s  o f  dus t  
i n  t h e  bear ings w i l l  cause r a p i d  wear. P a r t i c l e s  o f  dus t  o r  a f i l m  on t h e  
p r i s m  face can cause s c a t t e r i n g  of the l a s e r  beam. A two-stage a i r  f i  I t e r  
system f o r  t h e  Q-Switch has been cons t ruc ted  t o  min imize p a r t i c u l a t e  
contaminat ion.  
The f i r s t  f i l t e r  s tage c o n s i s t s  o f  a c y l i n d r i c a l  t a n k  w i t h  severa l  
b a f f l e s  through which t h e  a i r  f lows.  The spaces a r e  f i  I l e d  w i t h  coarse 1 
f i  l t e r i n g  m a t e r i a l  c o n s i s t i n g  o f  mats of rubber ized  horseha i r .  Th is  s tage 
removes l a r g e  p a r t i c l e s  such as p i p e  c a u l k i n g  o r  d i r t . .  The second s tage 
h e r  c y l i n d r i c a l  tank  c o n t a i n i n g  a d ryz type a i r  f i l t e r  
an automobi le .  Th is  s tage w i  I I remove very smal I 
p e n e t r a t e  t h e  f i r s t  stage.' Other  f i  l f r a t i o n  techniques 
w i  I I c o n s i s t  o f  ano 
element as used f o r  
p a r t i c l e s  which may 
may a l s o  be u s e f u l .  
P a r t  o f  t h e  assoc ia ted  equipment inc ludes  an evacuated c o n t a i n e r  
f o r  t h e  semiconductor sample. 
t h e  o p t i c a l  bench, and has a window through which t h e  l a s e r  beam can pass. 
The t o p  i s  b o l t e d  down over  an O-ring d u r i n g  o p e r a t i o n  when t h e  c o n t a i n e r  
i s  t o  be evacuated. Feed-through connectors a r e  p r o v i d e d  fo r  t h e  i n t e r n a l  
c i r c u i t r y .  
a c o o l a n t  c a v i t y  and h e a t e r  c o i l s  are inc luded.  A t  present ,  pumping down 
w i t h  a mechanical pump can be accomplished t o  avo id  heat  loss by convec-f 
t i o n  between t h e  sample and t h e  s ides of t h e  c o n t a i n e r .  I n  t h e  f u t u r e ,  a 
s i m i  l a r  c o n t a i n e r  w i  I I be cons t ruc ted  of  s t a i n l e s s  s t e e l  w i t h  s tandard 
vacuum f i t t i n g s  t o  be used w i t h  s o r p t i o n  pumps and an i o n  pump f o r  a very 
h i g h  vacuum. High vacua a r e  needed f o r  s t u d i e s  o f  adsorbed gas removal 
f rom semi -conductors,  d i scussed be low. 
T h i s  c o n t a i n e r  i s  mounted on one end o f  
P r o v i s i o n s  f o r  c o n t r o l  I ing t h e  temperature o f  t h e  sample-! through 
C o n t r o l s v  and meter ing  f a c i l i t i e s  a re  l o c a t e d  on t h e  panel t o  
Mode o f  o p e r a t i o n :  Manua 
Tota  I s to rage  capac i tance 
T r i g g e r i n g  method: Thyra 
w i t h  
charg ing,  
2 4 0 p f  i n 
ron  sw i t ch  
e x t e r n a l  s 
p r o v i d e  t h e  proper  b i a s i n g  o f  t h e  sample. A power supp ly  used as a c u r r e n t  
genera to r  w i t h  severa l  ranges o f  b i a s i n g  r e s i s t o r s ,  h e a t e r  c o n t r o l s ,  and 
osc i  I loscope m o n i t o r i n g  w i t h  photography c a p a b i l i t i e s  a r e  inc luded.  Also 
a t r a p  l i g h t  i s  d i r e c t e d  o n t o  t h e  sample t o  f i J I  t r a p s  i n  t h e  semiconductor 
b e f o r e  f i r i n g  t h e  laser .  
The p resen t  capabi l i t i e s  o f  t h e  system are  summarized here  i n  tab-  
u l a r  form. 
Power Supply and H e l i c a l  Flashlamp 
Max. I n p u t  energy 3000 j o u l e s  a t  5KV 
Pumping pu lse  1.5 ms 
Energy o u t p u t  6943A, 10606; a t  
Flashlamp l i f e  10,000 f l a s h e s  depending upon pumping l e v e l .  
Flashlamp vo l tage  t h r e s h o l d  3000 v o l t s  
I j o u l e  
p r e s e t  l i m i t  v a r i a b l e  0 - 5000 v o l t s  
ncrements o f  40 
t r i p p e d  by p u l s e  i n  synch ron iza t i on  
gnal such as Q-Switch 
Tf 
Safe ty  p recau t ions :  a l l  c a b i n e t  doors i n t e r l o c k e d  w i t h  c a p a c i t o r  d ischarge 
c i r c u i t r y ,  a l s o  a l l  c a p a c i t o r s  shunted i n  even t  of 
power f a i  l u r e .  
Op t i ca  I System 
Laser Head: l / 4 "  x 2" rods i n  s i  lvered cy1 i n d r i c a l  c a v i t y  
Rods: -A1203, .05% C r  0 [One T I R  rod, One BEF rod] 
2 3  
ttt 
BaW04, .04% Nd One BEF rod 
Output  pu lses :  e i t h e r  normal o r  Q-Switched mode 
Coo l i ng :  p r o v i s i o n  f o r  a i r  c o o l i n g  i n t o  I'qser head, e i t h e r  ambient temper- 
twces o r  p recoo led  a i r .  
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O p t i c a l  bench: 
capab 
Q-Switch: R o t a t i n g  p o r r o  pr ism, maximum beam diameter,  5/8”,  maximum 
speed 1500:rpst  ’ I i 
Minimum p u l s e  dura t ion :  50 nanoseconds a t  maximum r o t a t i o n a l  speed 
5 v o l t  synchron iz ing  o u t p u t  
.5 meter l i n e a r  o p t i c a l  bench w i t h  Q-Switch c a r r i a g e  
e of  h o r i z o n t a l  adjustments accura te  t o  5 i nch  
and ti I t  adjustments accura te  t o  2 I seconds o f  a rc .  
coarse adjustment  o f  d is tances between components, i .e. ,  
samp I e ho I der, I aser  head, Q=Sw i t c h .  
Manual 
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monochromatic and p o l a r i z e d ,  i t  s u f  
on e i t h e r  r e f l e c t i o n  f rom o r  t ransm 
leads t o  two methods o f  measuring f 
and comparing t h e  p r o p e r t i e s  o f  t h e  
3. E I I i psometry 
I f  a l i g h t  beam i s  d i r e c t e d  o n t o  t h e  sample, p a r t  o f  it may 
be r e f l e c t e d  and p a r t  of  i t  may pass through.  I f  t h e  l i g h t  beam i s  
e r s  a t t e n u a t i o n  and phase s h i f t  
s s i o n  through t h e  sample. T h i s  
I m  p r o p e r t i e s ,  i . e .  by measuring 
r e f l e c t e d  o r  t r a n s m i t t e d  l i g h t  t o  
those o f  t h e  i n c i d e n t  l i g h t .  Changes i n  r e l a t i v e  ampl i tude and phase 
o f  p o l a r i z e d  l i g h t  a re  dependent on t h e  c o n d u c t i v i t y ,  t h e  th ickness ,  
t h e  d i e l e c t r i c  constant ,  and t h e  angle o f  inc idence to t h e  sample. 
For a v a r i e t y  o f  samples o f  v a r y i n g  th ickness ,  r e f l , e c t i o n  meas- 
urements a re  bes t .  Transmission can be used o n l y  when t h e  th ickness  
i s  such t h a t  a measurable amount o f  l i g h t  passes through t h e  sample. 
R e f l e c t i o n  measurements can be made a t  normal inc idence t o  t h e  sample 
o r  a t  some angle, b u t  c e r t a i n  measurement d i f f i c u l t i e s  occur  a t  
normal inc idence.  I t  i s  b e s t  t o  d i r e c t  i n c i d e n t  l i g h t  a t  some angle 
t o  t h e  sur face .  
The d e t a i l e d  t h e o r y  invo lved i n  f e f l e c t i o n  i s  w e l l  exp la ined 
t s  w i l l  be inc luded a t  t h i s  
one f i  Im.  Plane p o l a r i z e d ,  mono- 
e $, w i t h  wnarmal  t o  t h e  s u r f a c e .  
It i s  p a r t l y  r e f l e c t e d  from t h e  sur face  o f  t h e  f i l m .  Some l i g h t  i s  
t r a n s m i t t e d  on through t h e  f i l m  and r e f l e c t e d  a t  t h e  f i l m - s u b s t r a t e  
boundary. These two r e f l e c t i o n s  combine t o  form t h e  r e f l e c t e d  beam. 
For r e f l e c t i o n  a t  a boundary, S n e l l ' s  laws a r e  a p p l i c a b l e  and 
we have : 
S i n  $., = S i n  A 
Nisin 4 = N p i n  
elsewhere, so o n l y  t h e  impor tan t  resu 
p o i n t .  F ig .  30 shows a s u b s t r a t e  and 
chromat ic  l i g h t  i s  i n c i d e n t  a t  an ang 
N I  
Ref I ec ted  
Beam 
1 n c i  dent  
Beam 
A i r  o r  
Vacu urn 
N2 'V I F i  Im 
N3 Subst ra te  
F igure  30 
L i g h t  I n c i d e n t  on S i n g l e  F i  Im Layer 
where N and N2 a r e  t h e  i n d i c e s  o f  r e f r a c  
a complex index o f  r e f r a c t i o n  must be def  
I 
ion .  For conduct ion m a t e r i a l s ,  
ned, N = n + j k .  J .  S t r a t t o n ' s  
E lec t romagnet ic  Theory g i v e s  a good t rea tment  o f  complex i n d i c e s  o f  r e f r a c -  
t i o n .  The q u a n t i t i e s  n and k a r e  r e l a t e d  t o  c o n d u c t i v i t y  by 
(M'j.,' = u2gp i 3'"'y 
By r e s o l v i n g  t h e  i n c i d e n t  wave i n t o  s and p components (perpen- 
d i c u l a r  and para1 le1 t o  t h e  p lane of inc idence) ,  and us ing  Maxwel 1 ' s  
equat ions,  i t  i s  found t h a t  these componenl-s a re  n o t  changed by equal 
amounts on r e f l e c t i o n .  R e f l e c t i o n s  are descr ibed by a r e f l e c t i o n  c o e f f i -  
c i e n t  r, and phase s h i f t  6 , which are r a t i o s  o f  ampl i tudes o f  i n c i d e n t  
t o  r e f l e c t e d  l i g h t  and phase changes on r e f l e c t i o n .  
Na cosd - A4 COJ A 
When t h e  r e f l e c t i o n s  f r o m  t h e  f i , lm-subst rate i n t e r f a c e  a r e  inc luded,  t h e  
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f o l l o w i n g  r e l a t i o n  f o r  t o t a l  r e f l e c t i o n  and phase s h i f t  r e s u l t s .  
R e f l e c t i o n  a t  t h e  f i l m  s u r f a c e  i s  denoted by r , the  s u b s c r i p t  p denot ing  
t h e  p p o l a r i z e d  wave. R e f l e c t i o n  a t  t h e  f i l m - s u b s t r a t e  i n t e r f a c e  i s  
denoted by r . The e l  I ipsometer measures/ and A. 
I P  
2P 
Consider an end view of  e l l i p t i c a l l y  p o l a r i z e d  l i g h t  as shown i n  
There t h e  e l  l i p t i c i t y  i s  descr ibed by t h e  angles 7 a n d - a .  F ig .  31. 
F igure 31 
Nomenclature fo r  E l  I ip t4 ,ca i  l y  P o l a r i z e d  L i g h t  
From these and t r i g o n o m e t r i c  i d e n t i t i e s ,  i t  f o l l o w s :  
Tan 2)c= Tan 2 p C o f A  
S i n  24= S i n  2 p ~ i n A  
0 
1 
Tan = 
Thus, by work ing back from e l  I 
t r i c  c o n s t a n t  c o n d u c t i v i t y  and 
psometer measurements, a va lue  f o r  d i e l e c -  
th ickness may be found. 
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I n  p r a c t i c e ,  f i n d i n g  a va lue f o r  these parameters i s  n o t  so s imp le  
as d e s i r a b l e .  
severa l  d i f f e r e n t  f i  I m  s i t u a t i o n s .  Therefore,  severa l  readings must be 
made and curve  f i t t i n g  techniques employed. 
F i r s t ,  one s e t  of e l  l ipsometer  readings may correspond t o  
The second problem i n v o l v i n g  t h e  techn ique i s  t h a t  t h e  equat ions 
t o  be so lved are  very complex. With conduct ing  f i l m s ,  complex i n d i c e s  
o f  r e f r a c t i o n  and complex angles occur. Therefore,  govern ing equat ions 
must be so lved by some approximate method such as Drude’s approx imat ion 
o r  by use o f  a computor t o  s o l v e  t h e  e x a c t  equat ions.  
f o r  t h i s  purpa5e have been w r i t t e n  and one should be a v a i l a b l e  soon. 
Computor programs 
E I I i psometer measurements can be very accura te  w i t h  good equip-  
ment and c a r e f u l  l a b o r a t o r y  work. The complex index of r e f r a c t i o n  can be 
measured t o  t h r e e  s i g n i f i c a n t  f i g u r e s  and t h i c k n e s s  t 6  2 I . Obta inab le  
accuracy v a r i e s  somewhat o v e r  t h e  th ickness  ranges w i t h  more d i f f i c u l t y  
i n  measuring very t h i n  f i  Ims. 
a r e  less  accura te  b u t  shou ld  be as good as o r  b e t t e r  than o t h e r  methods. 
D i e l e c t r i c  cons tan t  and c o n d u c t i v i t y  va lues 
Deta i  I ed cons i d e r a t i o n  o f  e I I ipsometry revea Is t h a t  t h e  use o f  
m u l t i p l e  angles o f  inc idence and p o l a r i z a t i o n  can g i v e  severa l  s imul tane-  
ous equat ions  s o l u a b l e  f o r  d i e l e c t r i c  constant ,  ( e  1, magnet ic s u s c e p t i b i -  
I i t y  (PI, and c o n d u c t i v i t y  (e), we we1 I as t h e  t h i c k n e s s .  
d i s c u s s i o n  o f  e l  l i psomet ry  can be found by F. L. McCrackin, e t  a l ,  Journal  
o f  Research, A.  Vol. 67A, No. 4, August, 1963, pages 363-377 and by 
K. H. Z a i n i n g e r  and A. G. Revesz, RCA Review, Vol. 25, No I ,  March, 1964, 
pages 85-1 I I .  
Thorough 
F i g u r e  32 presents  the  e s s e n t i a l  e lements o f  an e l  l ipsometer .  E l  l ipsom- 
e t e r s > 6 f  h i Q h  q u i l I . b y  may be purchased f rom 0. C. Rudolph & Sons, Co. and 
Gaer tner  S c i e n t i f i c .  K a r l  Lambrecht O p t i c s  Company can supply  p r e c i s i o n  
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s p e c i a l  o p t i c  elements. General o p i n i o n  found among s c i e n t i s t s  us ing  e l l i p -  
sometry i s  t h a t  Gaer tne r ' s  i s  t h e  bes t  make of  i ns t rumen t  commerc ia l ly  
avai  tab le.  
F igu re  31 
E I I i psometer 
LEGEND 
A. L i g h t  Source 
B. Nonpolar ized L i g h t  
C. N i c o l  Pr ism 
D. P lane-Po lar ized  L i g h t  
E. Th in  F i  Im 
F. Subs t ra te  
G .  E l  I i p t i c a l  l y  P o l a r i z e d  
L i g h t  
H. Quarter-Wave P I a t e  
I .  Plane-Po lar ized  L i g h t  
J .  Analyzer  
K. De tec to r  
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C. I n f r a r e d  I n t e r n a l  R e f l e c t i o n  
Every molecule has assoc ia tkd  w i t h  i f ' c e r t a i n  energy l e v e l s .  These 
l e v e l s  may correspond t o  a l lowed t r a n s i t i o n s  o f  e l e c t r o n s  w i t h i n  each 
atom, 
t i o n s  
r o t a t  
I eve I 
t h e  b i n d i n g  energ ies  associated w i t h  t h e  chemical bonds, v i b r a -  
caused by thermal a g i t a t i o n  of  these bonds, o r  t r a n s l a t i o n  and 
on o f  t h e  molecule i t s e l f .  I n  theory ,  i f  a l l  t h e  d i s c r e t e  energy 
o f  a molecule a r e  known, then t h e  molecule can be i d e n t i f i e d .  I f  
a molecule i s  r a d i a t e d  by an e lec t romagnet ic  wave o s c i l l a t i n g  a t  a f r e -  
quency f (corresponding t o  an energy E= h f ) ,  t h e  energy can e i t h e r  be 
r e f l e c t e d ,  absorbed, o r  p a r t i a l l y  absorbed. Absorpt ion takes  p l a c e  when 
t h e  energy o f  t h e  
w i t h i n  t h e  molecu 
met. I n  some i n s  
energy assoc ia ted  
i n c i d e n t  wave corresponds t o  a p a r t i c u l a r  energy l e v e l  
e. R e f l e c t i o n  takes p l a c e  when t h i s  c o n d i t i o n  i s  n o t  
ances t h e  i n c i d e n t  wave may be g r e a t e r  than t h e  r e q u i r e d  
w i t h  t h e  molecule,  i n  which case some o f  t h e  wave may 
may be absorbed and some r e - r a d i a t e d  a t  a new frequency corresponding 
t o  t h e  d i f f e r e n c e  o f  t h e  i n i t i a l  and absorbed energy. 
I f  a spectrum o f  f requencies i s  passed through a substance, a , 
p l o t  may be made of t h e  percent  o f  the i n c i d e n t  r a d i a t i o n  absorbed versus 
t h e  wavelength o f  t h e  i n c i d e n t  ray.  Th is  p l o t  i s  c a l l e d  t h e  "absorp t ion  
spectrum" o f  t h e  substance i n  quest ion.  The t y p e  o f  spectroscopy i n v o l v e d  
depends upon t h e  frequency o f  t h e  e lect romagnet ic  r a d i a t i o n  invo lved.  
and mo 
t h e  i n  
moment 
C l a s s i c a l  e lect rodynamics shows t h a t  i n t e r a c t i o n  between waves 
ecu les  i n  t h e  form of  emission 6 r  a b s o r p t i o n  i s  o n l y  p o s s i b l e  i f  
e r a c t i o n  i s  connected w i t h  an a l t e r a t i o n  i n  t h e  e l e c t r i c a l  d i p o l e  
o f  t h e  i n t e r a c t i n g  molecules.  The same r e s u l t  i s  ob ta ined by 
a p p l i c a t i o n  o f  quantum theory .  Only those r o t a t i o n s  and v i b r a t i o n s  which 
cause an a l t e r a t i o n  i n  t h e  e I e c t r i c d i T p o l e  moment a r e  e x c i t e d  by r a d i a t i o n ,  
i . e .  can  be measured by a b s o r p t i o n  methods. These a r e  g e n e r a l l y  c a l l e d  
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i n f r a r e d  a c t i v e .  Noth ing can be learned f rom t h e  i n f r a r e d  a b s o r p t i o n  
spectrum about r o t a t i o n s  and v i b r a t i o n s  which do n o t  cause a l t e r a t i o n s  
i n  t h e  d i p o l e  moment. I n  o r d e r  t o  i n v e s t i g a t e  these, i t  i s  necessary t o  
use another  phenomenon, t h e  molecular  s c a t t e r i n g  of e lec t romagnet ic  waves 
known as t h e  Raman e f f e c t .  
I n  genera l ,  one o b t a i n s  a b s o r p t i o n  o f  energy o n l y  i f  t h e  i n c i d e n t  
photons possess p r e c i s e l y  t h e  c o r r e c t  amount o f  energy iF6r t h e  t r a n s i t i o n  
t o  t a k e  p l a c e  i n  t h e  atom or  molecule. Raman spectroscopy i s  based upon 
an e x c e p t i o n  t o  t h i s  r u l e ,  fo r  f requencies i n  t h e  v i s i b l e  o r  u l t r a v i o l e t  
reg ions  may, under c e r t a i n  c i  rcurnstances, be p a r t i a l  l y  absorbed, caus ing 
t h e  molecule t o  v i b r a t e  o r  r o t a t e .  The photon i s  re -emi t ted  w i t h  a new 
frequency, less  t h a n  t h e  o r i g i n a l ,  as r e q u i r e d  f o r  conserva t ion  o f  energy. 
The frequency o f  t h e  Raman l i n e ,  f r  i s  g i v e n  by t h e  equat ion  
f r  = fE  - f v  
where f E  i s  t h e  frequency o f  t h e  i n c i d e n t  r a d i a t i o n  and f 
t i o n a l  f requency of  t h e  molecule. The probabi  I i t y  f o r  t h i s  p a r t i a l  absorp- 
t i o n  i s  q u i t e  smal l .  
i s  %he v i b r a -  
V 
The i n f r a r e d  spectrum i s  d i v i d e d  i n t o  t h r e e  s e c t i o n s :  near, i n t e r -  
mediate o r  middle,  and f a r  i n f r a r e d  reg ions .  Most o f  t h e  work i n  molec- 
u l a r  v i b r a t i o n s  i s  done i n  t h e  middle reg ion ,  a l though some research has 
been done i n  t h e  near  reg ion.  Molecular  r o t a t i o n s ,  which concerns gases 
and some l i q u i d s ,  a r e  s t u d i e d  i n  the f a r  i n f r a r e d  reg ion.  
Th is  s e c t i o n  presents  exper imental  i n f r a r e d  methods which w i l l  
enable one t o  determine i n f o r m a t i o n  about t h e  i n t e r f a c e  t h a t  i s  formed when 
an o x i d e  i s  grown on a semiconductor. The i n t e r f a c e  r e g i o n  presents  s p e c i a l  
problems n o t  e v i d e n t  i n  t h e  s tudy o f  o t h e r  substances by i n f r a r e d  because 
o f  t h e  ex t remely  smal l  th ickness  o f  m a t e r i a l  invodved. For t h i s  reason 
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convent ional  once-pass techniques probably w i l l  n o t  be e f f e c t  
f o r e  some t y p e  o f  mu1 ti r e f l e c t a n c e  technique i s  necessary. S 
ve. There- 
ud ies have 
been made on t h i n  f i l m s  us ing  a beam t h a t  i s  r e f l e c t e d  between two p a r a l l e l  
m i r r o r s .  T h i s  appears n o t  t o  be a s a t i s f a c t o r y  method. 
ob ta ined i s  a combinat ion of t h a t  of t h e  ox ide,  t h e  semiconductor, and t h e  
i n t e r f a c e .  The e f f e c t s  o f  t h e  i n t e r f a c e  w i  I I be 'Masked bQhind those l a r g e r  
e f f e c t s  o f  t h e  m a t e r i a l s .  The method recommended i s  t h a t  o f  I n t e r n a l  
R e f l e c t i o n s  , which w i l l  o n l y  invo lve  t h e  e f f e c t s  o f  t h e  semiconductor and 
t h e  i n t e r f a c e ,  and thus  w i l l  be e a s i e r  t o  d iscern .  
The spectrum 
I n f r a r e d  spectroscopy has t r a d i t i o n a l l y  been a p p l i e d  t o  t h e  s tudy 
o f  gases and o r g a n i c  I i q u i d s .  The i n f o r m a t i o n  avai  l a b l e  about these 
substances i s  much more e x t e n s i v e  than t h a t  o f  s o l i d s .  
f r e e  t o  r o t a t e  and t h e y  produce r o t a t i o n a l  s p e c t r a  i n  t h e  i n f r a r e d  reg ion .  
From t h i s  s p e c t r a  can be ob ta ined the moment o f  i n e r t i ' a  o f  the  molecules,  
and thus  t h e  s t r u c t u r e  can be deduced q t i t e  e a s i l y .  
to r o t a t e ,  b u t  a re  u s u a l l y  h e l d  i n  a c r y s t a l  l a t t i c e .  Because o f  these 
d i f f e r e n c e s ,  t h e  techniques invo lved i n  t h e  s tudy  o f  gases and s o l i d s  a r e  
q u i t e  d i f f e r e n t .  
Gas molecules a r e  
S o l i d s  a re  n o t  f r e e  
S t r a i g h t f o r w a r d  boundary value s o l u t i o n s  t o  Maxwel l 's  Equat ions 
d e s c r i b e  t h e  r e f l e c t i o n ,  t ransmiss ion and a d s o r p t i o n  o f  e lec t romagnet ic  
y s i s  the laws of r e f l e c t i o n ,  r e f r a c t i o n ,  
e c t i o n  a r e  der ived .  
o t a l  i n t e r n a l  r e f l e c t i o n  i s  a p e n e t r a t i o n  
r i c  cons tan t  m a t e r i a l  a t  t h e  
The m a t e r i a l  w i t h i n  t h a t  
y r e f l e c t e d  beam. 
o f  t o t a l  r e f l e c t i o n  f o r  
r a d i a t i o n .  F rom such an ana 
adsorp t ion ,  and i n5erna I r e f  
Associated w i t h  t h e  
depth of t h e  r a d i a t i o n  i n t o  t h e  lower d i e l e c  
i n t e r f a c e  f rom which t h e  r e f l e c t i o n  occurs.  
p e n e t r a t i o n  depth l a y e r  i n f l u e n c e s  the t o t a l  
N. J .  H a r r i  ck  s t u d i e d  t h e  phenomenon 
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a p p l y i n g  i t  t o  t h e  s tudy o f  t h e  spec t ra  o f  sur faces  o f  o p t i c a l l y  t r a n s p a r e n t  
m a t e r i a l s ,  p a r t i c u a r l y  semiconductors. R a d i a t i o n  penet ra tes  t h e  sur faces  
i n t o  t h e  r a r e r  medium t o  a depth p r e d i c t e d  by theory .  T h i s  r a d i a t i o n  i s  
s e n s i t i v e  t o  mo lecu la r  adsorp t ion  on t h e  sur face.  The degree o f  i n t e r a c -  
t i o n  on each r e f l e c t i o n  i s  w e l l  comparable w i t h  t h a t  observed f o r  a s i n g l e  
t ransmiss ion  i f  t h e  f i l m  t h i c k n e s s  i s  equal t o  o r  less  than t h e  p e n e t r a t i o n  
depth. S ince many t o t a l  i n t e r n a l  r e f l e c t i o n s  can be used w i t h o u t  power 
loss, t h i s  technique should be a s e n s i t i v e  one i n  t h e  s tudy o f  t h e  chem- 
i s t r y  of  sur faces  o f  o p t i c a l l y  t ransparent  m a t e r i a l s  and o f  t h i n  f i l m s  
which can be d e p o s i t i e d  on o p t i c a l l y  more dense and t r a n s p a r e n t  d i e l e c t r i c s .  
Th in  samples have been s p e c t r a l l y  analyzed by p l a c i n g  them on ' 
p o l i s h e d  metal sur faces  and, t o  ga in  s e n s i t i v i t y ,  m u l t i p l y  r e f l e c t i n g  
t h e  
ti v 
r e  f 
t h e  
r e  f 
i n f r a r e d  beam between two such m i r r o r s .  Even though t h e  r e f l e c -  
t y  o f  t h e  metal may be h igh,  t h e  beam i s  r a p i d l y  a t t e n u a t e d  f o r  many 
e c t i o n s  which may be r e q u i r e d  t o  g a i n  s e n s i t i v i t y ,  as t h e  power i n  
beam i s  f i n a l l y  R ..where R i s  the r e f l e c t i v i t y  and n i s  t h e  number o f  
e c t i o n s .  
n 
I t  i s  p a r t i c u l a r l y  impor tant  t o  apply  s i m i l a r  techniques t o  t h e  
s tudy  of  semicohductor sur faces  i n  o rder  t o  c o r r e l a t e  t h e  chemis t ry  o f  
t h e  s u r f a c e  w i t h  o u r  p resent  knowledge o f  t h e  phys ics  o f  t h e  sur face .  
Powdering t h e  semiconductor has t h e  disadvantage t h a t  t h e  c h a r a c t e r i s t i c s  
o f  t h e  semiconductor may change d r a s t i c a l l y .  
a sample c o n s i s t i n g  o f  severa l  separated layers  has t h e  disadvantage t h a t  
r e f l e c t i v i t y  losses a r e  h l g h .  The same disadvantage a p p l i  s t o  a g r e a t e r  
degree t o  a beam m u l t i p l y - r e f l e c t e d  between two p a r a l l e l  p a tes.  T o t a l  
i n t e r n a l  r e f l e c t i o n  o f  r a d i a t i o n  above t h e  l a t t i c e  adsorp t  on edge might  
work, because on r e f l e c t i o n  t h e  beam a c t u a l l y  penet ra tes  t h e  s u r f a c e  and 
A beam t r a n s m i t t e d  through 
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resonances i f  t h e  
c o n d i t i o n  o f  t o t a  
t h e  r a d i a t i o n  can 
damp 
r e  f 
then 
i s  pumped i n t o  and o u t  o f  -1-he r a r e r  medium. This  beam, i f  i t  i s  s e n s i t i v e  
t o  mo lecu la r  resonances, should g i v e  i n f o r m a t i o n  regard ing  t h e  t y p e  o f  
i m p u r i t y  on t h e  s u r f a c e  and t h e  na ture  o f  t h e  bonding t o  -the sur face .  
Har i - ick used t h e  t o t a l  i n t e r n a l  r e f l e c t i o n  technique t o  s tudy 
t h e  germanium-air i n t e r f a c e .  The sample was prepared s i m i l a r  t o  F ig .  33. 
Also t e s t e d  were p o l y e t h y l e n e  deposi ts  on germanium. 
t h e  r e f l e c t i o n  s i g n a l  was independent o f  f i l m  t h i c k n e s s  except  f o r  f i l m s  
less than 0.16 micron t h i c k .  
o f  t h e  p e n e t r a t i o n  o f  t h e  r a d i a t i o n  i n  t h e  po lye thy lene,  which f a l l s  on 
t h e  exper imenta l  curve.  From these r e s u l t s  H a r r i c k  es t imates  t h a t  through 
t h e  use o f  more r e f l e c t i o n s  and a more s e n s i t i v e  spectrometer,  one t o  t e n  
molecu la r  l a y e r s  can be detedTed using t h i s  technique.  T h i s  conc lus ion  
i s  reached from t h e  o b s e r v a t i o n  t h a t  an a b s o r p t i o n  band i n  a f i l m  3.0 
micron t h i c k  was readi  l y  de tec ted  through t h e  use o f  o n l y  " e i g h t  r e f l e c -  
t i ons and a r a t h e r  i nsensi ti ve spectrometer.  
I t  was found t h a t  
This  th ickness  i s  thus  a measure o f  t h e  depth 
H a r i i c k  warns o f  p o s s i b l e  d i f f i c u l t i e s  i n  us ing  t h i s  technique.  
The index o f  r e f r a c t i o n  may change r a p i d l y  i n  t h e  v i c i n i t y  of mo lecu la r  
ng e f f e c t s  are smal l .  When t h i s  i s  t h e  case, t h e  
e c t i o n  a t  the i n t e r f a c e  may no longer  be met, and 
escape t h e  l i g h t  p i p e .  I t  h o u l d  r e t u r n  t o  t h e  l i g h t  
p i p e  i f  t o t a l  r e f l e c t i o n  occurs a t  the o u t s i d e  boundary of  t h e  f i l m  on t h e  
I i g h t  p i p e  and i f  t h e  r a d i a t i o n  i s  n o t  absorbed complete ly  by t h e  f i  Im. 
Also, i n  a n a l y z i n g  t h e  spectrum on t h e  s u r f a c e  i t  i s  necessary t o  t a k e  i n t o  
e r s  
n s i c  
account  any absorp t ions  i n  t h e  b u l k :  e.g., oxygen i n  s i l i c o n ,  and t h  
spect rum o f  t h e  f r e e  c a r r i e r s ,  e.g., ho les .  The d e n s i t y  o f  f r e e  c a r r  
can be kept  a t  a low va lue  by us ing  e i t h e r  wide band gap o r  near i n t r  
semiconductors and by work ing a t  low temperatures i f  necessary. 
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F igure  33 
I n t e r n a l  R e f l e c t i o n  Specimen Cross Sec t ion  
I n  an excel  l e n t  paper presented i n  t h e  Journal  o f  Research, E. R. L i p -  
p i n c o t t  and o t h e r s  o u t l i n e  a s tudy they made of  t h e  polymorphous forms o f  
s i  I i c o n - d i o x i d e  and germanium-dioxide. Several o t h e r  i n v e s t i g a t o r s  have 
presented a d e t a i l e d  a n a l y s i s  o f  the v i b r a t i o n a l  s p e c t r i m  o f  q u a r t z .  The 
i n f r a r e d  s p e c t r a  o f  c r i s t o b a l  i t e  and fused s i  I i c a  have been r e p o r t e d  b u t  
no s p e c i f i c  assignments o f  t h e i r  spect ra have been given. I n f r a r e d  s p e c t r a  
a r e  a v a i l a b l e  f o r  t h e  S i 0  polymorphs of  c o e s i t e ,  c r i s t o b a l i t e ,  t r i d y m i t e ,  
2 
and v i t r e o u s  s i  l i c a ;  a lso ,  t h e  Ge02 i n  t h e  r e g i o n  o f  4,000 cm- I  t o  300 cm-l 
a r e  a v a i l a b l e .  L i p p i n c o t t  g i v e s  a p a r t i a l  i n t e r p r e t a t i o n  of t h e  s p e c t r a  
i n  terms o f  r e s p e c t i v e  s t r u c t u r e s  and s e l e c t i o n  r u l e s .  P a r t i c u l a r  emphasis 
i s  p laced on l o c a t i n g  c h a r a c t e r i s t i c  f requenc ies  and s a t i s f y i n g  t h e  observed 
f requenc ies  i n  terms o f  spec ies of  v i b r a t i o n s .  
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The form o f  Si0 and Ge02 are b a s i c a l l y  t e t r a h e d r a l  i n  na ture .  2 
The d i f f e r e n c e s  o f  t h e  polymorphs r e l y  most ly  upon how t h e  s t r u c t u r e  i s  
coord ina ted ,  o r  how many t e t r a h e d r a l  s t r u c t u r e s  make up t h e  u n i t  c e l  I ,  
and how they  a r e  o r i e n t e d .  A Si0 group i n  a r i g i d  framework has 3N-3 
o r  s i x  v i b r a t i o n a l  degrees o f  freedom. The c l a s s i f i c a t i o n  o f  v i b r a t i o n s  
i n  terms o f  bond s t r e t c h i n g ,  bending, and b o n d - d i s t o r t i o n  types a r e  
somewhat a r b i t r a r y .  General l y ,  a bond-s t re tch ing  and bond-bending mode 
w i  I1 be assoc ia ted  w i t h  each 0 a t o m .  These 0 - s t r e t c h i n g  modes shou ld  
correspond t o  t h e  h'itghest( observed f requencies i n  t h e  spectrum. Two 
remain ing degrees o f  freedom a re  assigned t o  t h e  S i  atom. One o f  these 
must be a s t r e t c h i n g  mode corresponding approx imate ly  t o  motions o f  t h e  
S i  atom between t h e  two 0 atoms. The one remain ing mode must correspond 
t o  a low-frequency d i s t o r t i o n  o r  bending mot ion  o f  t h e  S i  atom. 
2 
Each Si0 group which i s  added t o  t h e  f i r s t  t o  make up t h e  u n i t  
ce I I adds n i ne v i  b r a t i  ona I degrees o f  freedom. These n i ne modes may be 
c l a s s i f i e d  approx imate ly  i n t o  t h e  f o l  lowing types.  Because each added 
S i 0 2  group corresponds t o  t h e  a d d i t i o n  o f  f o u r  bonds, f o u r  o f  t h e  n i n e  
modes correspond t o  bond-s t re tch i  ng f requencies,  two invol 'vi  ng d i s p  I ace- 
ments assoc ia ted  w i t h  t h e  0 atoms and two fo r  t h e  S i  atom. S ta ted  another  
way, t hese  correspond t o  two ant isymmetr ic  s t r e t c h i n g  modes o f  t h e  t y p e  
+ S i  0 + C- S i ,  and two symmetric s t r e t c h i n g  modes o f  t h e  t y p e  
+S$ 0 S i  ->. 
2 
Two more of these n ine modes may be c l a s s i f i e d  as bend- 
angle. The remai n- 
ng o r  d i s t o r t i o n  
i n g  mot ions  assoc ia ted  w i t h  t h e  bending o f  t h e  S i - 0 - S i  
i n g  t h r e e  modes a r e  assoc ia ted  w i t h  low-frequency bend 
f requenc ies .  
Cons iderab le  da ta  and nomenclature a re  a v a i l a b  e f o r  t h e  va r ious  
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c r y s t a l l i n e  forms o f  s i l i c o n  ox ide .  
forms w i l l  be r e l a t i v e l y  easy exper imenta l l y .  The d e t a i l e d  understand- 
i n g  and t h e o r e t i c a l  development w i  I I be more d i f f i c u l t .  T h i s  technique 
appears we1 I wor th f u r t h e r  s tudy f o r  i t s  app I i c a b i  I i t y  t o  t h e  s i  I icon/  
s i  I i con  o x i d e  system. 
Extens ion o f  t h e  date,  i n t o  g lassy  
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D. Fluorescence o f  S i  I i c o n  Oxide 
The energy l e v e l s  o f  e l e c t r o n s  i n  s i l i c o n  o x i d e  can be s t u d i e d  by 
us ing  t h e  luminescent spectrum as well as t h e  a b s o r p t i o n  spectrum. The 
v a r i o u s  forms of luminescence can go f a r  i n  r e v e a l i n g  t h e  e l e c t r o n i c  
s t a t e s  i n  t h e  energy band o f  d i e l e c t r i c  m a t e r i a l s .  T h i s  phenomenon 
appears p a r t i c u l a r l y  u s e f u l  i n  analyz ing t h e  t h i n  f i  I m  o f  o x i d e  on s i n g l e  
ved cons iderab le  a t t e n t i o n  and c r y s t a l  s i l i c o n .  Th is  o x i d e  has rece 
i n s u f f i c i e n t  c l a r i f i c a t i o n .  
Numerous references i n d i c a t e  
f rom most s i l i c o n  o x i d e  g 
w i t h  s p e c i f i c  i m p u r i t i e s  
t h e  g lass .  Such behav io r  
h a t  f luorescence should be observed 
asses. C h a r a c t e r i s t i c  s p e c t r a  a r e  assoc ia ted  
n t h e  g lass and process s teps  i n  manufactur ing 
has been observed on wet n i t r o g e n  o x i d i z e d  
s l i c e s  o f  300 ohm-cm N-type s i l i c o n .  
components o f  a spectrophotofluorometer. 
Figure  34 presents  t h e  e s s e n t i a l  
Source Specimen D e t e c t o r  
\ 
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AtII  ' 
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.Grat i n.g G r a t  i ng 
E x c i t a t i o n  Monochrometsr Fluorescence Monochrometer 
F igure 34 
Spectrophotofluororneter Components 
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Specimens o f  NaCl  and fused q u a r t z  were observed t o  f l u o r e s c e  i n  
t h e  g r a t i n g  spect rophotofLuorometer  used i n  t h i s  exper iment  t o  demonstrate 
t h e  f u n c t i o n i n g  o f  t h e  inst rument .  B b i l i n g  s u l f u r i c  a c i d  removed any organ- 
i c  m a t e r i a l s  on t h e  s u r f a c e  which could g i v e  mis lead ing  f luorescence.  
F i g u r e  35 presents  t h e  q u a n t i t y  o f  f luorescence observed i n  comparison t o  
t h e  background when t h e  S I  i c e  was washed i n  h y d r o f l u o r i c  a c i d  t o  remove 
t h e  ox ide .  
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F,I uorescepce o f  Oxi d i  zed S i  I i con 
The f luorescence i n t e n s i t y  f rom t h e  o x i d e  was approx imate ly  1000 t imes 
t h a t  o f  t h e  background a f t e r  t h e  ox ide was removed. 
F igures  36, 37, and 38 represent  t h e  d e t a i  led  curves f o r  t h e  f l u o r -  
escent  spectrum o f  t h r e e  specimens when i l l u m i n a t e d  w i t h  3 0 0 ~  r a d i a t i o n .  
The t h r e e  specimens are  ( a )  o x i d i z e d  300 ohrn-cm N-type s i l i c a ,  ( b )  o x i d i z e d  
/M- 
s i  I i c o n  w i t h  B203 present,  and (c) o x i d i z e d  s i  I i con  w i t h  P 0 present .  
2 5  
300 mu e x c i t a t i o n  
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F igu re  36 
Fluorescence Spectrum of  an Oxid ized S i l i c o n  C r y s t a l  
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Fluorescence Spectrum of  Boron-Doped Oxide 
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Fluorescence Spectrum of Phosphorus-Doped Oxide 
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I I 
Sca t te red  f i r s t  and second harmonics o f  t h e  g r a t i n g  produce t h e  l a r g e  peaks 
a t  300 and 600 mp. 
t o  produce a b e t t e r  a n a l y s i s  o f  t h e  f luorescence.  
Improved ins t rumen ta t i on  w i l l  e l i m i n a t e  those peaks 
The opponirunity o f  i d e n t i f y i n g  s p e c i f i c  i m p u r i t i e s  i n  t h e  o x i d e  
by f luorescence i s  apparent. A I  I the  specimens produced f luorescence 
a t  a number o f  wavelengths from 2 1 5 v t o  7 5 0 ~  
t i v e l y  pure c r y s t a l  produces l i n e s  no t  observed i n  e i t h e r  o f  t h e  doped 
ox ides .  Boron produces a number of  l i n e s  n o t  seen f rom t h e  o thers ,  expec- 
i a l l y  f rom 2 8 0 - 3 4 5 y a n d  655 - 6 7 5 ~ ~ .  The phosphorous-doped o x i d e  gave 
t h e  l e a s t  c h a r a c t e r i s t i c  spec t ra .  The most no tab le  f a c t  a t  t h i s  t i m e  i s  
t h e  compara t ive ly  I i t t l e  f I uorescence from t h e  phosphorous-doped ox ide .  
The few l i n e s  i n  it n o t  e x h i b i t e d  by t h e  o t h e r s  appear t o  be s l i g h t  
d isp lacements o f  a l i n e  appear ing i n  t h e  boron-doped ox ide .  F igu re  39 
p resen ts  on a I i n e a r  scalae an approximate simp1 i f i e d  spectrum f o r  t h e  
f o u r  cases: ( I )  a l l  specimens, ( 2 )  o n l y  pure  ox ide ,  ( 3 )  o n l y  boron-doped, 
and (4) o n l y  phosphorous-doped ox ide .  These wavelengths were chosen f rom 
The o x i d e  on t h e  r e l a -  P' 
I 
1 I I I  I 1  1 I I 1 I I A I  I 
I I 1  I I 1 1  I I  I Boron, 
1 I I I E? h 9s p h o r u s 
I I 1 I 1 I 
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F igu re  39 
Reduced F I uorescence Spect ra  
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a g r a p h i c a l  c o r r e l a t i o n  o f  observa t ions  o f  e x c i t a t i o n  f rom f 
e x c i t a t i o n  wavelengths. 
Th is  work i n d i c a t e s  a tremendous promise f o r  i n c r e a s  
s t a n d i n g  o f  t h e  d e t a i  led  e 
i n  t h i n  f i  Ims of m a t e r i a l s  
Fluorescence has long been 
e c t  ron 
as a r e  
an ana 
ve d i f f e r e n t  
ng t h e  under- 
c s t a t e  and s t r u c t u r a l  d e f e c t  cen ters  
now commonly used i n  m i c r o e l e c t r o n i c s .  
y t i c  t o o l  o f  t h e  m i n e r a l o g i s t  and t h e  
o r g a n i c  chemist .  S o l i d  s t a t e  e l e c t r o n i c  matberials can be p r o f i t a b l y  analyzed 
by f luorescence a l s o .  The o n l y  s p e c t r a l  l i n e  which appears t o  correspond 
w i t h  a b s o r p t i o n  s p e c t r a  pub l i shed by Kats and S t e v e l s  i s  t h e  550mtc l ine 
which cou ld  be a t t r i b u t e d  t o  aluminum o r  i r o n  impur 
d e f e c t s .  
The observed s p e c t r a  a r e  t o o  complex t o  ana 
t y  or s t r u c t u r a l  
yze i n  terms of d e f e c t  
c e n t e r s  w i t h o u t  cons iderab le  a d d i t i o n a l ]  data.  M u l t i p l e  e x c i t a t i o n  wavel- 
leng ths  and m u l t i p l e  specimen temperatures of o b s e r v a t i o n  can make p o s s i b l e  
a n a l y s i s  i n  terms.of  t h e  c o n f i g u r a t i o n  c o o r d i n a t e  curve  model. 
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VI. P o t e n t i a l  Q u a l i t y  Cont ro l  Measurements 
Whi l e  execut ing  t h i s  research program, p o s s i b l e  ways f o r  u t i  I i z i n g  
t h e  r e s u l t s  i n  improved dev ice  manufacture a r e  a l s o  considered. A t  t h i s  
t i m e  many o f  these p o s s i b i l i t i e s  could be e s t a b l i s h e d  i n  p roper  form f o r  
prompt u t i  I i z a t i o n .  
Beginning s l i c e s  o f  s i l i c o n  can be examined fo r  c r y s t a l l o g r a p h i c  
o r i e n t a t i o n  by x-ray d i f f r a c t i o n .  E v a l u a t i o n  o f  t h e  s i z e  and shape o f  Laue 
b a c k - r e f l e c t i o n  p a t t e r n s  can gross ly  determine i f  cons iderab le  s t r a i n  o r  
d i s l o c a t i o n s  a r e  i n  t h e  m a t e r i a l .  H i g h l y  p e r f e c t  c r y s t a l s  can be examined 
by t h e  anomalous t r a n s m i s s i o n  observed i n  t h i c k  specimens o f  near p e r f e c t  
c r y s t a l s .  X-ray techniques c o u l d  a l s o  e v a l u a t e  t h e  s t r a i n  and d i s l o c a t i o n s  
induced by d i f f u s i o n  s teps i n  t h e  process. 
V i s l b l e  l i g h t  e l  l i psomet ry  can check t h e  u n i f o r m i t y  o f  s u r f a c e  c o n d i t i o n  
on t h e  cleaned and p o l i s h e d  specimens p r i o r  t o  o x i d a t i o n .  Phase c o n t r a s t  and 
p o l a r i z e d  l i g h t  o p t i c a l  microscopy c o u l d  a l s o  be used b u t  w i t h  less s e n s i t i -  
v i t y .  
wave length t r a n s m i t t e d  by t h e  m a t e r i  a I . 
Gross s t r a i n s  i n  t h e  s l i c e  cou ld  be measured by e l l i p s o m e t r y  a t  a 
Sur face smoothness o f  t h e  s l i c e  can be measured by i n t e r f e r o m e t r y ,  
g r a z i n g  inc idence o p t i c a l  s c a t t e r i n g ,  o p t i c a l  microscopy, o r  e l e c t r o n  
microscopy depending on t h e  dimensional v a r i a t i o n  t o  be measured. The e l e c -  
t r i c a l  and composi t ion s u r f a c e  p r o p e r t i e s  can be observed by f luorescence 
o f  t h e  s i l i c o n ,  t h e  f luorescence o f  t h e  o x i d e  f i l m  on t h e  s i l i c o n ,  t h e  
secondary e l e c t r o n  emiss ion from t h e  sur face,  o r  t h e  e l e c t r o n  m i r r o r  proper-  
t i e s  of  t h e  sur face.  
Spot checks on t h e  i o n  bombardment needed f o r  producing an a t o m i c a l l y  
c l e a n  s u r f a c e  i n  u l t r a - h i g h  vacuum c o u l d  be another  i n d i c a t i o n  o f  t h e  s u r f a c e  
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ana 
coa 
f i l m  remaining a f t e r  chemical c leaning.  S i g n i f i c a n t  m e t a l l i c  i m p u r i t i e s  re -  
main ing on t h e  s u r f a c e  c o u l d  be observed by low-energy e l e c t r o n  d i f f r a c t i o n .  
The p r o p e r t i e s  and u n i f o r m i t y  o f  t h e  o x i d e  can be eva lua ted  by most o f  
t h e  o p t i c a l  and e l e c t r o n i c  techniques p r e v i o u s l y  mentioned. O p t i c a l  t e c h n i -  
ques o f f e r  a wide range o f  c o n t a c t l e s s ,  non-contaminat ing measurements. 
Luminescence o f f e r s  an u n t r i e d  technique f o r  q u a l i t a t i v e  and q u a n t i t a t i v e  
p h o t o l i t h o g r a p h i c  
t i e s  i n  t h e  ox ide .  
ice,  c o n d u c t i v i t y ,  
y s i s  of  s u r f a c e  p r o p e r t i e s  and homogeneity o f  ox  
ings,  p h o t o l i t h o g r a p h i c  residues, and d i f f u s i o n  
Once e l e c t r i c a l  c o n t a c t s  have been a t tached t o  
des, 
mpur 
he s 
c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s ,  t r a n s i e n t  measurements, and n o i s e  measurements 
can be made i n  much t h e  same manner as i s  p a r t i a l l y  used a t  t h i s  t ime.  Photo- 
s t i m u l a t i o n  can be combined w i t h  most o f  t h e  e l e c t r i c a l  measurements. The 
k i n d  o 
Spec i a 
s t r i p s  
each s 
cess. 
measurements t o  be made obv ious ly  w i l l  vary  accord ing  t o  t h e  device.  
s t r u c t u r e s  such as M-O-S capac i to rs ,  d iodes, and photoconduct ive 
can be i n c o r p o r a t e d  i n t o  the  wafer  mask l a y o u t  t o  make a v a i l a b l e  on 
i c e  a l  I t h e  k i n d s  o f  s t r u c t u r e s  considered i n f o r m a t i v e  about t h e  pro-  
Use of  a l l  t h e  mentioned techniques on any one dev ice  process i s  u n l i k e l y .  
The v a l u e  o f  some can be r e a d i l y  evaluated as smal I f o r  a p a r t i c u l a r  process 
and g iven no f u r t h e r  c o n s i d e r a t i o n .  Each general  k i n d  o f  process should be 
s t u d i e d  i n  d e t a i l  t o  determine which measurement c a p a b i l i t y  can g i v e  t h e  
needed i n f o r m a t i o n  e a s i l y  and inexpensive ly .  Enough measurement techniques 
a r e  a v a i l a b l e  t h a t  such process a n a l y s i s  should enable t h e  process eng ineer  
t o  r e v i s e  t h e  process t o  improve s i g n i f i c a n t l y  t h e  long te rm re1 i a b i  l i t y  as 
w e l l  as t h e  u n i f o r m i t y  o f  t h e  product .  
t 
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